Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



i 




Coo'^Ic 



Eng^. LIfernry 

790 

.MIS' 



.yGoogle 



h, Google 



n,<i-^f^:>yG00glc 



.yGoogle 



v/s^r 



GAS ENGINES. 



D,g,t,.?<i I,, Google 



D,g,t,.?<i I,, Google 



THE SPECIALISTS' SERIES. 
VOLUME IL 

GAS ENGINES. 



WILLIAM MACGREGOR. 



WITH SEVEN PLATES. 



LONDON: 

WHITTAKER & CO., z, WHITE HART STREET, 

PATERNOSTER SQUARE ; 

GEORGE BELL & SONS, YORK STREET, COVENT GARDEN. 



Go<,glc ^ 



DyGOOglf 



PREFACE, 



Motive-powers have a division by natural selection into 
two classes — large and small. The latter might again be 
divided into manofacturing and domestic. Large powers 
have been, and are for some considerable period in the 
future likely to be, provided by steam and water. By large 
powers are here meant thousands of horse-power. 

But, for the hundreds of horse-power required in daily 
increaaing manufactures the gas engine is at present 
adapted, and has an economy in application rivalling even 
the steam engine. For the tens and units of horse-power 
employed in our smaller industries and in domestic require- 
ments the gas engine has become unique. 

And it is very strange that an industrial machine having 
flo wide-spread application should have no literature. 
That this is so is sufficient apology for the issue of this 
work, however great its sins of omission. 

That the work should be exhaustive has not been the 
aim : rather that it should be typical. In tiiis view an 
historical machine has, in some instances, been described, 
instead of the en^oe, as mechanically more nearly perfect, 
for the reason that the principle is more clearly shown by 
the earlier design. Yet in every such instance reference 
will be found to have been made to the latest patents. 

In dealing with the theory of the gas engine all refer- 
«nce8 to the cycles of Camot and to the engine considered 
as a theoretical heat engine have been very carefully 
avoided. For in practice the gas engine has no affinity 
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PREFACE. 

whatever to these cycles ; except such as a straining of 
the truth to so great an extent aa to exclude the effect 
of the most important practical factorB — as the cooling 
effect of cylinder walla — might obtain. This is very clearly 
proved by a careful and imbiasBed study of the practical 
cycles of the machine as given by the indicator-diagram ; 
and is involved in the consideration of the superior eflfi- 
ciency of high piston velocities. The superior economy 
of compression engines and the relatively closely succeed- 
ing standard of the free-piston engines are facts that have 
not yet been satisfiictorily correlated by any merely theo- 
retical thermo-dynamic consideration. Hence, in the 
portion of the work devoted to the theory of the gas engine, 
the readers attention has been confined to the deductions 
that have been obtained from experiments made by the 
best authorities. In addition to these experimental results 
are those given as confirming the clearest views to be had 
on the important but little studied subjects of the velocity 
of propagation of combustion in gaseous mixtures and of 
the explosion wave. 

In conclusion the Author would refer to the table of 
contents as to the division of th^ work ; and he wishes to 
point out that perfect independence of position and thought 
has been sought. 

W. M. 
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GAS ENGINES. 



INTEODUCTOBY. 

We are accustomed to call those motors " Gas 
Engines " in which the work performed is effected by 
means of heat generated by the combustion of illumi- 
nating or similar gas. 

Older writers conceived the idea on a broader basis, 
and interpreted the term to include all machines of 
energy wherein expansion of even permanent gases was 
effected ; they thus included hot air engines. 

But in this sense we might call the ffrst cannon the 
oldest gas engine. 

Abb6 HantefeoUle appears to have been the first, in 
the year 1678, who invented a powder machine. In 
his miscellaneous writings he explains how by detona- 
tion of powder in a closed vessel provided with valves, 
and then afterwards on the cooling of the existing com- 
bustion products, a partial vacuum is caused, we may 
be enabled to construct a machine for the raising of 
water. Furthermore, be describes a second apparatus 
which consists of a vertical pipe provided with several 
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2 INTRODDCTORT. 

backstroke valves, lying over one another. To vbich 
vertical pipe a horizontal pipe is attached, which lies 
' in water, and in the middle a short additional pipe 
branchea off. The powder is placed in this vertical 
continuation of the horizontal tabe. Here the water is 
driven on high, through the expansion of the powder 
gases ; so that Hautefeaille raight be regarded as the 
inventor of atmospheric as well as of direct gas motors. 
Cylinder and piston, however, were first employed by 
Hnyghens, who designed, about 1685, a powder ma- 
chine. 

Papln describes, as thought oat b; him, in the 
proceedings of the Leipsic Academy for 1688, a simi- 
lar machine provided with regular valves. The labours 
of these pioneers were not crowned with success, and 
the gas engine remained in this embryo condition for 
more than a hundred years. 

Towards the end of the last century attempts were 
made to employ the expansive force of permanent gases 
in motors. In the year 1791, John Barber took out a 
patent in this country for the production of force 
through the combustion of hydrocarbons in air. It is 
shown by his description that he desured to torn into 
gaa, by means of external firing, wood, coal, oil, or 
other combustible stuff, mixing the product with air in 
a second vessel, which he calls the exploder. The 
mixture on its running out of the latter vessel was 
ignited so that the issuing flash turned a paddle-wheel or 
fan. He also says it was an object to iigect a little 
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EARLIEST ATTEMPTS. 3 

water into the exploder in order to strengthen the force 
of the flash. 

In a patent -which BobL Street took oat in 1794, a 
piston engine is described, in the cylinder of which coal 
tar, spirit, or turpentine is rendered gaBeons in the first 
instance, and then ignited by a light, whioh bums out- 
side the cylinder, and at the proper time may he 
placed in connection with the gases to be ignited. 
Throngh the explosion the piston is thrown np and 
moves a weight on which the wwlt of the engine 
depends. ■ The whole is, howerer, very imperfectly 
arranged. 

To the engines already named is to be added that of 
Franzose Lebon. In an additional patent of 1801 to 
his earlier patent, on the coQBtmction of a furnace for 
the production of iUominating gas, he describes a ma- 
chine which could be driven with such gas, and corre- 
sponding completely with our present gas motors. For 
example, by means of two pumps he compresses air and 
gas, separately into a recipient ; here the constituent 
parts unite, and the mixture is ignited. The combus- 
tion products, whilst they are expanding, overflow into 
a double working cylinder, driving the piston and doing 
work on both sides. For t he ignition, however, the 
inventor reco mmends an electric machine, which, like 
the two pumps, should be driven by the motor itself. 

From this time forward the number of new construc- 
tions increases. It would lead us too far to detail them 
all ; only the most important will be noticed. 
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4 INTRODUCTORY. 

Iq 1828, Samuel Brown specified the arrangement of 
an atmoBpheric gas engine. Below the piston in a 
cylinder, open at the top, and ptovided with a water- 
jacket, is the month of a gas pipe. If the piston is in 
its lowest position then the gas issaes from the con- 
ducting pipe, and is ignited outside the cylinder, at a 
flame which can strike throngh an opening into the 
interior. This opening is closed -whilst the piston, by 
the active force of the fly-wheel, is moved upwards, so 
that at first a strong flame boms in the cylinder ; this 
expands the air, so that a part of it disappears throngh 
valves in the piston. These close so soon as the piston 
has reached its highest point. As a consequence of 
cooling with water, the tension behind the piston sinks 
qmckly and the exterior presstire of air drives it down. 
If, however, the difi'erence of tension is eqaalieed, the 
piston valves re-open, the combustion products escape, 
and fresh air can enter. The machine is double- 
working, as two cylinders are in use, the pistons of 
which are connected by a working beam. Sach a 
motor has been built in Paris without exhibiting any 
result. 

A direct and certainly donble-working machine was 
patented in 1883, by Wright, in which, according to 
the inventor's expression, a mixture of combustible gas 
and air was to operate like the steam in a steam engine. 
This machine shows essential progress compared with 
previous projects ; it stands nearly on a level with 
modem constructions, has a water-jacket, etc., and 
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flame ignition, and Ib proTided frith a centrifagal regula- 
tor, which regulates the air and gas supply in propor- 
tion to the TeijairementB of the worh, so that the total 
^aantity of gas may remain the same, and consequently 
the condition of the mixture onchanged. 

After this a whole series of English and French 
patents, which merely refer to hydrogen motors, are 
less worthy of attention. Only ODe, specified by Johnaon, 
in 1841, need be mentioned, as it pointedtothe 
explosive working effect of a miztore of oxygen and 
hydrogen, as well as to utilising the effect of the vacnam 
after the combustion. 

In contrast to later eztravaganceB, how justly the 
value of gas engines was recognised is shown in a letter 
by Cheverton, who wrote in 1826 : — " It has been the 
wish for a long time of the practical mechanic to 
succeed in the possession of a dynamic engine which is 
always ready for work without costing too much to 
drive, and causing no loss of time in preparation. 
These properties would make it in every case applicable 
when only a small force is necessary at irregular times ; 
and the avoidance of manual force is so important that 
the advantages which society would derive from such a 
machine would be incalculable, even if the cost should 
be much greater than with the employment of steam." 

Like the numerons constructions of the following two 
decades, which do not exhibit much that is new, all 
these machines remain strange to the great circle of 
technists ; only in 1860, the Frenchman Lenoir sue- 
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ceeded in constracting a gas motor 'which appeared to 
be oaefnl. The patent dates from the 24th January, 
1660, and in a short time afterwarde, several sncb 
maehines, built by the mannfaotiirer Marinonl, were at 
work in Paris. 

They caused onnsaal attention, and jnstly so; as 
tmscmpiiloiiB claims were everywhere pat forward as to 
the inventions. In nearly all technical joomals of that 
year we find the most fabnlons reports. That the last 
hom; of the steam engine had stmck was 'withoat any 
doubt. This gas engine, independent of all other con- 
siderations, worked mneh more economically than the 
former. It -was given out that whilst the working cost 
of a 4-horse-power steam engine in Berlin, with 4-5 Idlo- 
granuues consumption of coal, per horse-power per 
hoar woold represent 6*57 shillings daily, the new 
motor claimed for the same performance only 8*42 
shillings ; and similar exaggerations were &eqnent. 

It is jast to state, however, that the engine, at the 
beginning, worked tolerably well, as they were care- 
ftilly conatrocted and finished. Through these good 
properties, many persons were led into giving orders, 
-without any proof of the cost of working ; these orders 
were so namerous that a special company was formed 
— the Lenoir Company — to undertake the construction. 
Afterwards, when these motors came into work, and 
the gas bUls appeared, the enthusiasm fell off in an 
important degree ; for whilst the users began on the 
sapposition of a half cubic metre consumption of gas for 



FIRST WOSKIHG BHGISE. 7 

one horse-power per honr, the brake exhibited, ^th 
unerring certainty, that three cable metres average, at 
least, were required, and with bod attendance, BtiU 
more. On that account, the greater part of the 
machines in active work fell into complete disase, and 
the new motor was, in all directions, badly named. 
It was observed sarcastically that it required "no 
heater, bnt only a lubricator." 

As is frequently the case, the troth lay half way. 
The machine was neither so good as it was said to be 
at the beginning, nor so bad as was stated later on. 
When it was first brought into practice in the work- 
shop, it was even called very good ; it worked, with 
careful handling, quietly and pretty certainly, only 
much too dearly. Its good qnalities then contributed 
towards its maintaining its hold in many places, par- 
ticularly in all where local circmnstances, as the 
irregularity in the reqnirements of work, excluded the 
employment of a steam engine, and the question of 
cost was not taken into account too closely. It was 
preferred, for a long time, by many on account of its 
noiseless action — ^the atmospheric engine appearing 
about 1867 — and it was even exhibited in Vienna, 
1873. 

Lenoir's priority as inventor of the gas engine was 
hotly contested by the director of the Parisian gas- . 
works, Hngon, and by the Munich watchmaker, Beith- 

The first referred to his patent of the 11th Sept., 
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8 INTBODUCTORY. 

1858 ; the latter, to having worked a gae engine the 
same year ; and in it there was claimed even, that the 
mixture was compressed before ignition. 

If -we take from Lenoir the merit of the invention of 
the gas engine, then this merit applies neither to 
Hngon nor Beithmann, bnt perhaps to Barber or 
Street. Lenoir's merit does not lie in his having 
been the first to think oat the details of a gas engine, 
bat that he made it, and so made it that it worked. 

Snbseqaentlj to the engine of Lenoir, a later con- 
stmetion of Hngon' s was brought oat. It was dis- 
tinguished from Lenoir's principally on two points. 
The electrical ignition was set aside and replaced 
by a flame ignition. This idea was not new, as 
Street and Brown had already employed it; it was, 
however, good, and has been maintained until this 
day. Then, instead of cooling the cylinder, as Lenoir 
and others had done before him, he injected water into 
it. This was changed into steam, and therefore took 
up a part of the heat arising from the explosion, and 
thus protected the moving parts from overheating, as 
well as operating as expanding steam, driving up the 
piston. This idea, in recent years, has been taken 
up ; the disadvantages and advantages of such an 
arrangement will be brought forward later on. 

_H^g^ obtained, by means of his improvements, a 
reduction in the consamption of gas to about two-and- 
a-half cubic metres per horse-power. The engine at 
this period has, however, bat little interest. 
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Kinder and Klnaey stand very near to Lenoir with 
their engine, which thej broaght down to oonsotne two 
cubic metres of gas per horse-power per honr. 

The second period in the development of the gas 
engine begins with the second Parisian International 
Exhibition, of 1867. Here the firm of Otto and 
Langen, of Dentz, exhibited their uewly-inrented 
atmospheric gas engine. As the name implies, the 
explosive effect of the gas was in this engine by no 
means employed direct for the performance of work ; 
it served to throw up the piston of the simple working 
cylinder, whilst it was oat of connection with the shaft 
of the engine. In order to procure a place for the 
combustion prodncts, the [tension of the latter was 
caased to sink very suddenly, in consequence of out- 
side cooling, and the vacuum succeeding allowed the 
piston to fall by its own weight ; and now, in connec- 
tion with the shaft, the stroke of this engine was not 
so sudden as that of Lenoir's. But it had many 
drawbacks, and at one time they were relatively very 
great. It exhibited a series of difficult detailed con- 
stmction calculated to create a fear as to its dura- 
biUty, and, finally, it made a horrible noise — so much 
the more nnpleasant to the ear as it was quite irregu- 
lar. Notwithstanding, the engine had a great advan- 
tage, which covered all its bad properties : it used 
very Uttle gas — at the beginning, 1*2 cabic metres; 
finally, only 0*8 cubic metre per horse-power per hoar; 
a result which hitherto had not been exceeded. It was 
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10 INTRODUCTORY. 

therefore practically nseful for email indnstrieB; it 
coold aot only compete with the steam engine, bnt, in 
many cases, beat it ont of the field. 

This engine is, however, not withont its forernnner. 
The Italians, Barsantl and Matteaooi, had some years 
previoosly eonstnicted a similar one ; yet it is certain 
that Otto and Langen worked independently. At all 
events, the Germans had the reenlt to themselves ; 
they pnshed forward their machine, whilst that of the 
Italians came to nothing. The firm mled the field for 
ten years, and constructed four thousand of these 
motors, which, in spite of their shortcomings, were 
found more and more to be a great boon to small in- 
dostries, and for social requirements gave the best 
results of aU small motors. The many alterations 
undertaken by the inventors to make good the deficien- 
cies of their engine, demonstrated their nnwearied 
activity ; although they never ultimately sacoeeded in 
fully attaining their object. 

Through the eonstruetion by Ollles, of Cologne, at 
the time of the Paris International Exhibition, of a 
noiseless atmospheric engine, the supremacy of the 
Otto and Langen engine appeared to be jeopardised; 
and it may be considered as the first revolationary 
period in the history of our motor, as it caused the 
inventors to retnm to the principle of direct working. 

In fact, the new motor, named after its inventor, 
Otto, is distinct from its predecessors. Externally this 
is the case by its very pleasing appearance, quiet, ilegn- 
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lar action, and hanuonioTiB dimenBiouB ; and, according 
to principles, in three points. In the firBt place, by 
the compression of the gas mixture before ignition; 
and, on accoont of the diminution of the dimensions, 
by a greater piston Telocity for facilitating the change 
of heat into vork ; for prolonging the combastioQ, by 
modifying the initial temperature, and by better em- 
ployment of the heat generated in consequence of the 
cooling of the cylinder. 

In fact, the Otto is one of the most pleasing constmc* 
tions in the domain of engine constniotion, and a striking 
example of indomitable skill, as well of deep thought. 

As concerns the cost of working, the consumption 
of gas stands only a little higher than that of the 
atmospheric engine ; the smaller powers nse, on an 
average, 1 cnbic metre per horse-power the hour, whilst 
for the larger consimctions the consumption of gas is 
modified to about ^ cubic metre. 

On that account the success of the motor was quite 
extraordinary and permanent. In four years, over fire 
thousand were circulated. 

The above short survey of the material of this pub- 
lication may justify a historical division of it. In 
fact, such a division follows closely the three periods : 
before the second Paris International Exhibition, from 
the second to the third, and after the third ; with the 
practical divisions corresponding to the epochs of direct 
working engines without compression; atmospheric 
engines; and direct working engines with compression. 
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CHAPTER I. "S 

SIREOT WOBEINO EKaiNEB -WITHOTIT COUPBESSIOK. 

Lenoii'B Engine. 
It is an important qaestion why gas motorB, such 
as Lenoir's, Hagon's, Hicks's, &e., dietinguished for 
their non-recoiling action, worked so nneconomically, 
and why they were compelled to give way to modem 
coDBtrnctions. The eBsential reason is, probably, 
ihat the known older makers did not appreciate 
the great advantage of oompreBsion of the gases 
liefore combastion, as well as that the gases in their 
engines were under atmospheric pressure. 

Owing to the want of knowledge of this principle 
alone the older motors have failed ; bat imperfectly 
constnicted details might have been improved, and 
thus prevented complete extinction. This view is best 
supported by the circnmstance that, after the Lenoir 
motor had seareely become known, the reason of its 
low economy was ascribed to deficient compression by 
Onstav Schmidt, who pointed out, prominently, the 
great use of compression. In his " Theory of the 
Lenoir Gas Motor," printed in the Journal of the 
Association of German Engineers in 1861, he says : 
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"The resnlt woold have been much more &Toiirable 
if a snitable oompression pump conld have been driven 
by the engine which -would compress the cold air and 
cold gas to three atmospheres before entering the 
engine, b; -which a far greater expansion and advantage 
of the combustion heat would have been practi- 
cable," 

Besides the ad-vBntage of a better and more economi- 
cal expenditure of the gas by compression of the mixture 
before combustion, a gradual tension of the chief organ 
of the engine also assists this, and as well contributes 
to the object of a completely non-recoiling action. Ma- 
chines with sudden development of pressure, conse- 
quently causing a recoil affecting the whole mechanism, 
are naturally excluded from the market. 

The way in which pressure is developed by the com- 
bustion of a gas mixture in the closed space stands in 
direct relation -with the velocity by which the ignitioa 
is transmitted in the mixture. If this velocity is great, 
the pressure in the space increases rapidly; if the- 
transmission is slow, then the increase of pressure in 
the space is also slow. 

The means towards the attainment of a slow com- 
bustion and the gradual development of pressure, 
resulting there&om, were given a quarter of a century 
ago to the makers of gas engines, by the high scientific 
authority of Bobert Bonsen, in 1867, in his work, 
"Gasometric Methods," on the subject of combustioQ 
of gases. 
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Bansen saya ia the passage treating of combastible 
gases in dosed Tessels: — 

" If an explosive gas colimm is ignited at its apper 
end, by time the combastion leaches the lower end a 
considerable heat is lost in the npper end by radiation 
and convection. If the fnlminant gas is weakened with 
nentral gases near the line of ignition, then is often 
seen at the place of ignition a ball of fire moving slowly 
away to the lower end of the gas column. In thia case 
the combastion is already ended in the apper part of 
the gas colnmn, when it is stUl going on in the lower. 
The ezplosiveness of a fulminating gas is therefore not 
lessened merely by the admixture of inferior gases be- 
canae the temperature of combastion is a little leas, bat 
for the reason that the velocity of transmission of the 
combastion is diminished." 

And farther on, as to the ignition temperature of 
gases: — 

"If an explosive gas is mixed in a greater pro- 
portion with an incombustible, the limit is reached 
where ignition saddenly ceases. This limit is so 
sharply defined that even the smallest addition of in- 
oombastible gas changes the yet really combastible gas 
into one completely incombustible. Such a gas, 
changed into inoombastible gas, regains its com- 
buBtibility again when it is prevented h-om h-ee dilata- 
tion when ignited, or when its temperature has become 
higher." 

In fact this simple means of soitably thinning an 
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exploBire gaa mixtore by aQindifferent non-participating 
gas lies at the basia of all non-recoiling motors, from 
Lenoir's to Otto's. 

According to Btmsen, a little more or less of neutral 
gas is Boffioient to make an explosible gas combustible 
or incombostible, ignitible or not ignitiUe ; therefore 
the constmctor? of gas engines make it a principal 
point, for the object of an easy and certain ignition of 
the dilated mixture, to form the mixtore so far nn,- 
egnally aa to bring to the place of ignition a mixture 
easily ignitible. In this respect the older and newer 
gas machines do not differ from each other. 

The mode of working Lenoir's engine will be presently 
described. He conducts air and gas in the propor- 
tion of 20 to 1 through a number of conduits lying next 
to each other, into the cylinder. In the suction 
an equal nmnber of gas and air corrents are formed which 
mix, at first gradually, through movement and diffusion. 

The air is more than double the quantity necessary 
for combustion. It is provided from the atmospheric 
air, but there is also a considerable dilution which still 
farther increases the quantity by an important combus- 
tlon reBidinum that remains in the conduits and 
cylinder. In these engines this combustion residuum 
amounts to about one-third of the charge. 

The ignition of the charge in the cylinder takes 
place at the outflow passages of two particularly short 
gas and air conduits, therefore at a place when we may 
certainly assume that no combustion residuum is found, 
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and where, however only in this special coudnit, a 
partial mixtare of gas and air has already taken 
place. In consequence of this an explosive fame is 
formed on ignition in this conduit, which strikes into 
the cylinder and the dilated mixture in it is ignited 
vith certainty. 

The non-recoiling action of the Lenoir machine was 
immediately ascribed, after publicity of the mixtare of 
. explosible gaa with snrplas air, to the existence of 
neutral gases. 

In the Joomal of the Association of German Engin- 
eers, of 1860, it is stated "the heat generated by corn- 
bastion dilates the steam, carbonic acid, nitrogen and 
the surplus air that are formed, and thereby drives 
the' piston against the opposite side of the cylinder, 
whereupon a fresh detonation takes place on the other 
side of the piston, which ought to be free from any 
observable recoil in consec[aence of the great overplas 
of air." 

It is stated also in the " Folytechnisches Central- 
Blatte " of 1861, in an article *' On the Theory of the 
Lenoir Gas-Engine," by Him: — 

" The assumption is insufficient that the ignition of 
the gas takes place immediately, and that therefore the 
tension in the cylinder is greatest at the beginning of 
the piston stroke, because the gas mixture, not only 
requires a certain time in order to become ignited, but 
there must be upon the beginning of the piston stroke 
a certain interval ere the ignition enters. Because of 
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this the tnaximQin of tension cannot be obtained in 
practice." 

From this it is clear that as early as in the year 
1861, the existence of ueatral gas in the cylinder of 
the Lenoir engine was known, that the non-recoiling 
action of the engine because of this nentral gas was 
explained ; and the desirable point of ignition was also 
pointed oat in diagrams, that is to say, the gradnal in- 
crease of pressure in the combastion was indi- 
cated. 

Lenoir's engine, as constructed by Marinoni, in Paris, 
had externally mach resemblance to a horizontal steam- 
engine of old coustmction, of which it is manifestly 
an imitation. In Fig. 1, it is represented as 
doable working. In the cylinder A, which is provided 
with water jacket and doable walled cover for cooling, 
works the piston B, the rod of which, C, carries 
the crosshead D, and this is connected with the fork E, 
so as to carry the movement to the crank-shaft F. 
Gas and air are admitted by the inlet slide Q ; the 
exhaast of the combastible product is by the oatlet 
slide H ; both are moved by the eccentrics 3 and £. 
Whilst the oatlet slide is provided with only two slots, 
and these coincide at the right time with the oatlet 
condaits of the cylinder, the inlet slide of the cylinder 
is not so simply contrived. Fig. 2 shows one view of 
it. It is to be observed that its ends are grooved ap ; 
the gas enters through the holes bb, scarcely 2 mm. in 
diameter, when these are coincident with the gas 
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channels, and the air enters by the groove as soon as 
the gaa channels are closed. 

ThoB gas and air enter the cylinder in nomerous 
separate otuxentB. In this ■way proper distribntion of 
the mixture and its easier ignitibility ought to be 
effected. It should be remembered that the igniting 
spark -would easily spring from gas-layer to gas-layer 
through the separating air layers, whilst with more 
thorough mixing, the whole might be too poor in gas to 
secm'e certain ignition. The actual inequality of the 
mixture may be reasonably doubted. 

The engine worked in the following manner : — In 
the position of dead point the outlet conduit became 
closed, at the same time as the inlet slide began to open. 
Whilst the piston by the active force of the shaft and fly- 
wheel is driven forwards, it draws in the combustible 
mixture ; the inlet slide closes when about half the 
stroke is accomplished; in some cases somewhat earlier, 
with others a little later. The pressure behind the 
piston consequently sinks, if the conduits are suf&ci- 
ently wide, to only a little under one atmosphere. Now 
the ignition follows through an electric spark ; as soon 
as it strikes the mistore, this explodes, and the pres- 
sure rises at onee to 6-6 atmospheres. As the 
cylinder ia cooled, the pressure of the combustible pro- 
ducts before the piston falls very quickly, and at 
the end of the stroke records only 1*5 to 1'8 
atmospheres, when the outlet conduit is opened ; at 
this final pressure the residuum of the combustion be- 



LENOIR'S ENGINE. 19 

gins to paasaway. Whilst vrith the reversed movement of 
the piston the proceeses are repeated, at its front side, 
the contents of the cylinder behind it are qnickly driven 
oat, the pressure sinking speedily to 1 atmosphere. 
The isstiing gases have a temperature of about two 
hundred degrees. 

There remains still the description of th e ignition ; 
this, as ahready said, is the resnit of an electric spark. 
In order to produce it, a battery consiBting of two 
Banaen elements is connected with twn TttiTiTnlfr^ylf in- 
daction apparatas and electrical hammer , of which the 
arrangement is sufficiently known. 

The engine is said to work best with a pi H tm _veloi; jl |y 
of _0-8 to Q'85 m etres a second. The consumption 
of gas amounted to about 3 cubic metres per horse- 
power the hoar. The action is not very regular, yet 
tolerably so ; the ignition falls ofF occasionally, and then 
the machine is always brought to a stand. The maxi- 
mum tension amounts to 6*7 atmospheres, the final 
tension 1*5 to 1*8 atmospheres ; the gases escape almost 
completely consumed at two hundred degrees tempera- 
tore. The engine must always be well oiled, its re- 
quirement is at least half a kilogramme of oil per diem. 

So much of interest tarns on the exact knowledge of 
what was done in the earlier types of engine of this 
class, that it may be valuable here to insert from, the 
letters patent of the inventor, taken out in England on 
the 8th of August, 1860, his views, which, although 
not afterwards strictly adhered to, show that his engine 
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failed of high efficiency more from inaccurate construc- 
tion than from erroneoas theory. In this subject, as 
in many others, it is remarkable to see how closely to 
later and successful practice, the pioneers had arrived, 
and how they were swerved from their course by trifles 
of mechanical construction that were the sole cause of 
want of practical success. 

The patent specification (No. 336, of 1860) states 
that the " invention consists in the application and 
use of an inflammable gas mixed with a proper pro- 
portion of atmospheric air and ignited inside a cylinder 
by the aid of electricity, the expansion thereby produced 
acting upon the piston and imparting motion thereto, 
which motion may be transmitted in any convenient 
and well-known manner to a driving shaft." 

In carrying out this invention it is proposed, in the 
patent, to apply two elide valves to the cylinder on 
opposite sides, or to use a disc valve. These slides 
are not contained in boxes as in the ordinary steam 
valve, but are held against the valve faces of the 
cylinder by springs or screws. Suitable means are 
employed for admitting atmospheric air into the 
cylinder. Along with this air there is also admitted, 
by means of a pipe employed for that purpose, a supply 
of ordinary lighting or other inflammable gas or vapour. 
Inside the cylinder are fitted, either at the middle or at 
both ends, one or more pairs of insulated platinum or 
other wires in connection with a battery, and so disposed 
that an electric spark wiU he produced which will 
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instantly ignite the mixtnre of air and gas contained 
in the cylinder on one side of the piston, and by the 
expansion so prodneed force the piston to the opposite 
end of the cylinder. The supply of gas isregnlated by 
a enitable stop-cock and governor. 

Fig. 3 represents a side elevation ; Fig. 4 is a cor- 
responding plan and partial horizontal section; and 
Fig. 6 is a transverse vertical section of the working 
cylinder. The working cylinder A, east with a jacket, 
is provided with two valve faces, upon which work the 
two slide valves T and T' which open alternately, and 
at the proper times, the ports a, a' and o* for conduct- 
ing the mixtore of air and gas to each aide of the pis- 
ton as veil as the ports h, b' and 6" for the emission of 
the products of combustion. The valve T, which 
regulates the inlet of the air and gas into the cylinder, 
is provided with an orifice t, which communicates with 
one or other of the two openings o, o', made in the 
plate P. This plate carries the two cocks r, r", which 
admit the gas. The introduction of atmospheric air 
takes place through the port a, which is in communi- 
cation with the open nozzle b", sormonnted by a cap 
b'", as shown in Fig. 5, The slides are held against 
the valve faces and work outside, by guide rods, 
which slide in the bearings C, C, the usual steam-engine 
valve chest being dispensed with. These bearings are 
so arranged as to enable the slides to be set np more 
or less tightly against the valve faces by means of 
pressing or adjusting screws, as shown in Fig. 4. The 
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cap b'" acts as a Bpeciea of gasometer, that is to say, 
it retains the gas which would tend to escape, and 
which can then enter or be drawn into the cylinder at 
the next stroke of the piston. The movement of the 
piston p, is transmitted to the main crank-shaft B by 
the aid of the connecting rod C wMch is secured to 
the crank of the main shaft. The two eccentrics D 
and D" actuate the slide valves T and T', and a small 
palley, E, imparts motion by means of a strap to the 
governor or regulator of the machine. The cylinder is 
provided at each end or has fitted npon its two covers 
the igniters G and G', in communication with an 
electric distributor H, carried by the main driving 
shaft, and is itself in connection with a Ehumkorff coil, 
which is in communication with any convenient bat- 
tery or generator of electricity. In starting the engine 
the piston p is first caused to travel a certain distance 
along the cyhnder, producing a vacuum behind it and 
allowing the air and gas to enter the void space through 
the ports a and a* respectively, but as the slide T opens 
the port a before the passage t comes into commmiica- 
tion with one or other of the gas inlet orifices, o, o', it 
follows that a supply of air vrill have already entered 
the cylinder. The slide T then opening one of the 
orifices, 0, o', in the plate F, the gas and air both enter 
the cylinder, but without becoming entirely mixed to- 
gether, and win exist in the space behind the piston 
in distinct strata. The slide T, now closes the port 
leading to that end of the cylinder, and, the igniter G 
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suddenly prodacing an electric spark, the gas explodes 
and heats the air and its combinations, vhich expand 
considerably, and the presenre produced operates upon 
the piston so as to force it to the opposite end of 
the cylinder, the residnnm of the combastion or its 
prodncts escaping by the exhanst slide valve T' and 
passage b. The fly-wheel assists the piston in its 
course towards the end of the cylinder and, the slides T 
and T' changing their positions, the air and gas are 
introduced to the other side of the piston just at the 
moment that the second igniter G-' produces a spark, 
which ignites the gas and causes the piston to return 
to the opposite end of the cylinder, thus completing a 
double stroke. According to the patent, the object of 
introducing a supply of air into the cylinder before the 
gas is allowed to enter is to neutralise the effect of the 
carbonic acid gas formed by the combnstion of the first 
portion of the inflammable gas; as the carbonic acid gas 
without being thus neutralised might prevent the ignition 
of the remainder of the inflammable gas. As the machine 
in working attains a considerable temperature, it is 
p-oposed to introduce into the jacket a suitable supply of 
cold water, regulated by the cock I, and which water 
becomes heated or converted into steam and flows off 
through the pipe 1% to any place where it can he 
stored or used. The apparatus termed the director of 
the electric current (a sectional detail of which is shown 
on an enlarged scale. Fig. 6) consists of a species of 
collar or ring of hard indiarubber, gutta percha, or 
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Other good non-conductor, L, in the periphery of which 
are inlaid the metal segments M, M'. The segment M' 
rotates in constant communication with the coudacttng 
wire N, leading from the coil, and the segments M, M', 
with each one of the directing wires g and g', these wires 
heing respectiTely connected with the igniters, G and 
G'. The short metal rods m, m', unite the metallic 
contact segments of the director with that of the con* 
ducting wire N. As the cylinder conducts one of the 
poles, the operation of the director will be readily 
understood. It is mentioned in the patent that if found 
desirable, liquid or solid hydrocarbons maybe employed 
in this engine for heating and expanding the air and 
its combinations ; in which case the snbetanees from 
which the inflammable gases or vapours are to be 
obtained are placed in a small boiler and are heated 
by means of a serpentine or coil placed in the bottom 
of the boiler and in direct communication with the 
escape pipe of the engine. The boiler is first heated 
and, so soon as the hydrocarbon is converted into 
vapour or gas, it is placed in communication with the 
working cylinder. The vapour so produced is ignited 
in exactly the same manner as the inflammable gas be- 
fore mentioned, and similar effects will follow. And it 
is also claimed that it is obvious that this invention may 
be applied to coupled engines of two or more cylinders, 
suitable for steamboats and locomotive or traction 



The claims of this pioneer patent are so very definite 
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that we may find space to reprodace them hete ; they 
are : (First). The general conetmction and arrangement 
of machinery or apparatus for obtaining motive power 
by the aid of inflammable gas or vapour in conjonction 
with atmospheric air as hereinbefore described. (Second). 
The employment of electricity for the purpose of ignit- , 
ing gas or inflammable vapour when used for the 
obtainment of motive power as hereinbefore described. 
(Third). The application and use to and in the heating 
of air in the cylinders of motive power engines of solid 
or liqnid hydrocarbons converted into vapoor as here- 
inbefore described. (Fourth). The application and nse 
of electro-igniters placed in the cylinder of a motive 
power engine for the purpose hereinbefore described. 
(Fifth). The application and use of a director of the 
electrical current, for the pnrpose of bringing a spark to 
bear at the proper time and place upon the gas or 
vapour to be ignited in a motive power engine as here- 
mbefore described. 

This earlier motor of Lenoir is very remarkable as 
being a doable actinn mntg y. that is, pressure or motion 
was imparted to both sides of the piston alternately. 
In the Lenoir engine first described, which may be said 
to date from 1877 {French Patent, No. 117,890), the 
action is much more simple. 

Lenohr'B Ei^ine, 1883. 

But neither of these engines must he confounded 
with that of Lenoir, patented in this country in 188S 
(No. 5,31S), which is essentially a compression engine^ 
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'with exploBion of the gaaeoas fael ander constant 
TOlame. ^-^ — 

In this unproved engine, of which, from its recent 
introduction, there has heen bat small experience, a 
regenerator or reheater is employed, which is placed in 
a prolongation of the explosion chamber at the cylinder 
of the motor. Bxhaust is made through a valve M as 
controlled by the rod and crank n »', Fig. 7. This 
valve is placed at the base of the heater. The mixture 
is drawn into the regenerator, where it is compressed 
before being exploded. A screw-cock, inserted in the 
cylinder about the middle of the stroke of the piston, 
allows of varying as desired the compression of the 
mixture. 

With the sUde-valve of the new Lenoir engine, as 
the Bame letters correspond to similar parts in the 
Otto engine, to be presently described, it is nnnecessary 
here to say more than to refer to the Fig. 8. g controls 
the admission of the gas, a that of the air, j gives 
entrance to the mixing chambers, and bb' access to the 
burners (the new engine is not electrically lighted) and 
II' allows of the passage of'the ignition flame, which is, 
, as in the Otto engine, caused to impinge upon the 
richest part of the mixture. The lighting port carries 
a small projection to push the dame towards I. 

Hogon's Engine, 1666. — The working of Hagon's 
engine is as follows : When the piston. Fig. 9, is 
lowered, it draws in a detonating mixture famished 
by the pump or by the lahber bag M, across the 
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miiing chamber, U, at the same time that it expels 
from the lower part of the cylinder the prodacts of the 
preceding explosion. When the piston arrivea at about 
fonr-tenths of its coarse, the principal slide, K, descends 
and closes the commtuiications, a, of the orifice of 
admission, a, with the mixing tnbe, U. At the same 
time the igniting flame, projected into a, causes the 
explosion. 

Similar proceseea occnr inversely on the rising of 
the piston. The engine is farther provided with a 
pump, S, which injects at each stroke a small quantity 
of water, at the instant of explosion, for the pur- 
pose of reducing its violence and to eool the cylinder. 
The distribution of the gas is effected by two shdes, 
one, K, serving for admission, for the exhaust and for 
igniting ; the other, L, serving to close the admission 
orifice and to terminate the drawing in of the mixture 
into the tube U. 

The principles of good working do not seem to have 
been so well understood in designing the Hngon engine 
as with its predecessor, although at the time when this 
motor was brought into public notice, there were, con- 
cerning it, some very great expectations. 

This engine is distinguished from Lenoir's in two 
principal points — by the injection of water into the 
cylinder, and by flame-ignition. The injection of water 
was intended to take up a part of the heat suddenly 
created by the explosion, so that it might, by evapora- 
tion, co-operate in the expansion, and, at the same time, 

n,<j,N..<ib, Google 



28 DIRECT WORKING ENGINES WITHOUT COMPRESSION. 

effect a diminution in the expenditure of oil for 
lubrication. 

When the engine was first broaght into pablicity, it 
showed proof of long-protracted stadiee by Hagon. He 
intended, at first, to bring oat an atmospheric engine. 
He desired to obtain a higher pressure by the explosion 
of the gas mixtore, prodacing a vacanm by the snb- 
seqnent cooling of the combnstion prodncts, and to 
employ this for the movement of the piston. He had 
laboored long at such engines ; they, however, never 
attained any importance. His direct working engine, 
however, has given some aotaal results ; bat it is several 
years later than that of Lenoir. 

It is, like the latter, doable working, but arranged 
vertically. 

In order to make the feed independent of the 
changing pressure in the gas conductor, the air and 
gas mixture is prepared in a fixed rubber bellows. A 
second smaller bellows serves to fiU the reservoir, out 
of which the four ignition flames are fed. It can be 
moved by hand in order to ignite the flame before pat- 
ting the motor into action ; and this starting is effected 
with all small motors by turning the fly-wheel. 

The machine was a step in advance of Lenoir's ; 
it worked as quietly, and, on account of the fiame 
ignition, more certainly, besides being more economical 
in oil and gas consumption. 

gome experiments have been made with it ; for 
example, a machine of three hundred and thirty and 
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three hnndred and twenty mm. stroke worked with 0'55 
metres piston Telocity. The mechameal working 
efiScieney was 0'58, the proportion of the mixture 
1 : 18*S, the maximam tension S-8 atmospheres, the 
gases escaped at 190°. * 

Hngon ignites the explosive mixture at the entrance 
of the conduit, which condncts it to the cylinder, eon- 
secinently at a place where it is absolutely free £rom 
steam and combustion residuum and therefore easily 
ignitible. 

BiBohop^'B Bngines. 

For small powers Bischopp'a engine has been that ' 
most extensively employed, and the simplicity of its 
mechanism is for such powers greatly to its advantage. 
It is, however, qnestionable whether the arrangement 
of parts is applicable to higher powers than one horse- 
power with very great success. It is essentially a 
non-compression engine. The types before the public 
are those constructed by Bisehopp, in 1872 and in 
1874, and in 1882, and those modified by Carl Uax ^ 
SombarL In the 1872 and other types, as in Lenoir's 
engine, a locally separated introduction of gas and air C^ 
into the cylinder takes place, but in such a way that ^ 
there are formed below the piston, layers of gas and air, J" 
each singly approaching the direction of the axis of the j*^ 
cylinder, has an equal combination, whilst in the nor- ^ 
mal direction the single layers are essentially separ- \ 
ated from one another. f^ 

The layer which lies over the gas valves and the air ^ 
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valve quite close to it, contains mixture easily ignitible, 
whilst the layers over the air valves farthest from the 
gas valves, consist of almost pnre air, and between the 
first and these latter, of transition mixtures. 

The ignition takes place in the layer of the easily 
ignitible mixture over the gas valves and is here con- 
ducted with the greatest certainty. 

"Whilst the charge in the cylinder of Lenoir's engine 
is an almost eqoal mixtore, owing to the method of 
entrance of the gas, it occnrs in Engon's engine in a 
seriously unequal combination, whilst in Bisehopp's 
motor, on account of the pecnliar locally separated in- 
trodnction of air and gas, it consists of a stratiform 
disposition of explosive and a neutral gas. 

This effort to obtain a stratified arrangement of the 
charge in the cylinder is met with in many later gas 
engines; it appears first, however, most strikingly in 
that of Bischopp, of 1874. 

In de Bisehopp's English patent, 1910 (1-874), which 
only obtained provisional protection, but the ideas of 
which were carried ont in patent No. 4842, of 1875, 
we mnst recognise this invention from the description, 
especially with reference to the foregoing, to be clear 
and distinct. 

The description of the patent begins as follows : 

" This invention relates to the production of a motive 
power by the combined action of an explosive compound 
and heated air npon the piston of a reciprocating or 
other engine." 
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The inventor desoribea the constmction farther and 
Bays : " The explosive gases must he led into a hell- 
formed space under the piston ; and it ie enfficient for 
the ohject of localising the gases, connected mth the co- 
operative heating of the air, if the explosive gaseB, 
always arranging themselves according to their specific 
weight, are led nnder the piston or to the foot of the 
cylinder. As an advantage it may be noted that the 
noise of the explosion is very mnch lessened by this 
arrangement." 

In describing the process of working, it is clearly 
expressed that an elastic cnshion is formed to take np 
the recoil and diminish the noise. 

As the earlier forms of this motor have been dis- 
carded it ia scarcely necessary to include them here, 
for a sufficiently clear idea of the arrangement and 
method of working can he obtained from the improved 
form as introdnced by Carl Max Sombart, of Buss, 
8omhart & Co., of Magdeburg. These improvements are 
carried oat in three sizes of motors, giving three, six, or 
twenty-five kilogrammetres, or -04, '08, 0-3 horse-power 
respectively. Some of these improvements are very prac- 
tical, and consist in the separation of the base-plate from 
thedistribntor E(Fig.lO), to avoid heating of the distri- 
bntor and to facilitate repairs ; in replacing the two weak 
arms carrying the shaft, in the older forms, by a single 
casting ; in protecting the aspiration- valve against in- 
jury by flame, by a disc of perforated sheet iron ; and in 
regulating the admission of gas by a special apparatas. 
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In the single working cylinder, A, the piston B oper- 
ates ; its rod carries the cross-bead C, which is introdnced 
into a hollow colnmn and constrncted with the apper 
cylinder lid D, in one piece. This colnmn ia opened np 
longwise ; through the opening the bent lever E enters, 
which operates the crank P. The shaft Q (Fig. 11) 
forged with the latter, is held in a casting, H, on one 
side of the cylinder cover, the eccentric, J, fly-wheel 
and pnUey being also carried on the shaft. Snch a re- 
stricted crank action is not to be commended ; the cir- 
cumstance that the crank action for the ap-movement 
of the piston is greater than that for its lower, does 
not improve the regularity of the movement. But it 
must be noted that those circumstances which make 
the construction of large machines worthless are, in 
very small machines, of less importance. 

The gas pipe a is provided with a clack-valve, this 
consistB of a rubber plate, which covers a considerable 
number of fine holes, arranged in the form of a ring, of 
about three mm. diameter. In a similar manner the 
air passes through the clack-valve o. Gas and air mix in 
the legulattng cylinder or distributor K, between the 
pistons of which, d and e, they enter, when the under 
one does not dose up the inlet conduit into the cylinder 
through the conduit. Of the two pistons d and e, the 
upper one only serves for the closing of the regulating 
cylinder ; the onder one operates, besides, the discharge 
of the combustion products, which, by means of the 
opening g can enter through it into the discharge pipe h, 
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The engine works in Boeh a way that the pist on is 
drawn upwards out of its inert point by the momentum 
of the fly-w heel, and thereby draws in th6_niixtoja. 
After it has pas sed somewhat more than a t hird par t of 
its ap-stroke, the ignition fo llows ferooRh the hol e i, In 
the cylinder wtJl, Pig. 13. 

So soon 89 the ignition has taken place, the strongly 
compressed combustible products drive the piston to 
the end of its lift ; this short space of time is the 
working period of the engine ; it receives daring that 
time the necessary impetus to drive out the reeidaum, 
and with fresh action to be able to draw new mixture 
in again. The eccentric J must, therefore, be so set that 
the edge of the regulating piston e passes in descend- 
ing the upper edge of the conduit, when the driving 
piston stands at the lower point of inertia. In this 
position the engine is shown in the figures. As already 
mentioned, the ignition takes place through an aper- 
ture, i, in the wall of the cylinder. As shown in Fig. 
13, this aperture is provided with a little clack of steel 
plate which is opened by the external pressure when the 
aspiration piston has passed it. A gas flame, k, bmms 
before the aperture i below the flue I ; the burner i" 
constracted with an igniting flame m, because the 
gas flame k is usually extinguished at almost every lift. 
Bischopp was compelled, on that account, to bring in 
a second flame below, the only object of which was to 
relight the upper flame every time it went out. Another 
advantage is derived from this burner: the flame 

D 
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of the nsoal arrangement is not saffioiently strong to 
effect the ignition when the motor ia cold. On that 
account, the older engine of Bischopp, before it eonld 
be got into work, required some minutes for heating it, 
aAd for that object a separate flame waa arranged 
imder the cylinder. 

Tbia uncomfortable method is in the later engines 
removed, and the motor ia always ready for work. It 
may be ofaBerred, as shown in the drawing (Fig.l2), that 
for the cooling by water, a number of riba are arranged 
rotmd the cylinder, providing for the carrying away of 
heat by radiation. The gas issaes horn the gaa main, 
through a rnbber pipe into the foot dnct, from this a 
rubber pipe runs off for the ignition flame, then into a 
rubber bag and throagh the tap into the engine. The 
lahber bag serves as accumulato r and r eg nlator icx 
the gas main. It should accompany every gas engine ; 
should It lail, then every stroke of the engine is observed 
in flickering of the gas flames also fed npon the same 
main. 

C. H. Andrew has improved on the Bischopp engine 
by adding an automatic admiaaion for the gas and for the 
air, and the mixture ia drawn in by a separate piston, 
which arrangement allows of the slide valve piaton 



Halgh andNuttall, besidea improving the valves 
that admit both gas and air, replace the clack-valve in 
the ignition orihce by a ball or ballet. 

If a strict classification of the various gas engines 
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were poBsible, thore wonld have to be man; diYisiona 
uid snbdiTisions ; snd a sabdiviaion of the class of 
fe ^e engines acting Trithoat compresg inn -^onld be in 
the so-called atmospheric engines of iffhich BarBEtntl 
and Mattenoci'B is the type. 

ATHOBPHEfilO EKOINES. 

Banantl and Uatteaool bronght forward in their 
French patent of 20 February, 1858, two vertical 
construetionB in which the piston is oat of connection 
with the shaft, during the np-stroke, but during the 
descent is in connection with it, and commnnicates an 
impnlse to the fij-wheel. In the first constrnction we 
have two ■working cylinders npon the nsnal main shaft, 
as in Fig. 14. In the cylinder A. the principal piston^ 
B, moYos, the rod of which is serrated, or racked, and 
catches into the wheel G, which mns loose npon the 
main shaft. C carries the pawl E, and is pressed by a 
spring into the teeth of the ratchet wheel F, which is 
keyed npon D. If the principal piston rise, then the 
wheel is tamed to the left ; if it fall, then the rotation 
is to the right, and takes the shaft with it. 

The . nneqaal action throagh sach irregnlar moTe- 
ment of the shaft is eqaalised by the employment of 
two alternately working cylinders and the fly-wheel 
Below the principal piston there ia a second, the 
coanter piston G, whose rod goes throagh the front of 
the cylinder and carries the traverse H ; this is fastened 
by two lever bars, which hang to the pins of two 
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crank discs, set upon the adjoining shafts J ; thesd 
obtain their movement from the principal shaft through 
the wheels K, which revolve more slowly than the shaft. 
The counter piston, therefore, effects a regular ap and 
down movement ; conseqnently, if the principal piston 
stands in the lowest position, and the counter piston in 
its highest, then in the first place the latter goes down 
when atmospheric air enters between the pistons, at 
the appropriate position of the slide valve L, through 
the condaits a, b, and c. After a certain time the arm 
npon the piston strikes down the end piece of the slide- 
rod and draws the slide down. Now the air conduit a 
is closed, and the slide commnnicates with the conduit 
d, conducting the gas, so that now through the connection 
d, h, c, gaa is drawn in between the pistons, nntil the 
upper edge of h has passed the under edge of d. At this 
moment the mixture drawn in is ignited by an electric 
spark ; the head piston flying upwards free, the counter 
piston going farther down, whilst it discharges through 
the foot valves what it finds below it ; then it restores 
the connection between the spaces, above and below it, 
through the conduits e and /. In consequence of the 
foot-valves opening from too much inner pressure, this 
conimumcation may first occur when the explosive 
tension has fallen under one atmosphere, through the 
rising of the head piston. As soon as the head piston 
is in equipoise it turns and goes down ; the counter 
piston, however, begins its forced ascent quickly, and 
it operates the air pressure upon the head piston until 
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the tension in the machine has again attained one 
atmosphere ; then the head piston, by its own force and 
weight, driveB oat the combnstible product through the 
foot valveB : whilst the counter valve ascends until the 
first position is again reached. From this description 
of the action of the engine, it follows necessarily that 
the movement of the adjoining shaft must he slower 
than that of the main shaft, so that the descending 
head piston does not arrive later at its lower position 
than when the counter piston has reached its npper 
position : if it arrives too early that does not matter. 

The second construction of the patent in question 
may he seen from Fig. 15. The cylinder here is 
provided with only one piston, the rod of which is 
toothed and operates upon the toothed wheel G, which 
runs loosely upon the main shaft D, and carries the 
pawl E ; this takes with it, in the descent of the piston, 
the ratchet-wheel F, and the shaft with it, but is &ee in 
the up-strolte. If we consider that the piston is arrested 
in the descent, it must remain standing, for instance, if 
the tension of the combustion products below it have 
placed it in equipoise. In order, therefore, that the 
latter may be driven out, it is necessary to press down 
the, piston, which takes place through the two noses a of 
the stop wheel operating upon the two cams & of the 
toothed rod. When these have brought it down to its 
lowest position, then the noses c of the adjoining shaft 
O lift it again, and the latter operates upon the cams 
d, in order that fresh explosive mixture may be drawn 
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in ; and thb is inttodaced throagh a alide vslre placed 
at the side. The latter lias two positions of rest, its 
conduits correspond mth those of the valve-face ythen 
inflow takes place ; if this does not occur, then the 
engine remains closed. The movement of the sUde is 
retrograde, and is effected from D and Cr ; the noses e 
and a work npon the catches g and k of the slide bar, 
BO that it goes down with the piston, and consequently 
the inflow may begin immediately ; after the piston 
has reached the lower part, it is ended. As soon as 
the piston is lifted np, the catting off of the inflow im- 
mediately follows. 



Langeu and Otto's Eq 

The first engine of Langen and Otto was made 
known through the Paris International Exhibition in 
1867. The pattern exhibited was half horse-power, 
and oansed nnasnal attention from its peculiar con- 
stmction and noisy action.' 

Opinion, however, of the new motor would have 
been onfavoorable if the economy of consomption of 
gas, in comparison with the engines of Lenoir and 
Hngon, had not been apparent. According to the 
publications of that time, the jadges were forced to 
praise the engine for its economy, yet to blame it 
for its constmotion. 

If the arrangements of Barsanti and Matteaoci had 
been more generally known, the new invention wtrald 
scarcely have excited so mnoh wonder, becacse in its 
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diBpoBhion of the £ree np-Btroke of the piston, and the 
gearing of shaft with it in the down-stroke, the Italians 
show exactly similar designs. "What is interesting in 
Langen and Otto's engine is the gearing arrangement ; 
this and the flame ignition constitate the essential dis- 
tinction and progress. 

The engine is vertical. In the vertical npper open 
cylinder the piston moves, the progress of which above 
is limited by a rubber bnffer. The toothed piston rod, 
carrying a traverse above, slides between two pillars 
standing on the top cover of the cylinder. The piston 
conveys its motion to a toothed wheel, and this takes 
the head shaft with it in the descent of the piston by 
means of a friction coupling ; on the ascent of the first, 
however, it slips loose npon it. An anziHary shaft, 
which is driven by similar toothed wheels, provides for 
the goiding of the distribatiug slide. 

The engine works in the following manner. From 
the lower dead point position the piston, in the first 
place, is lifted by the stored power of the fly-wheel, 
and the slide is so placed as to allow the explosive mii- 
tnre to enter. Immediately after the inflow is com- 
pleted, the ignition follows ; the piston flies upwards, 
and the toothed wheel turns round to the right, whilst 
the shaft, not in gear, turns to the left. The tension 
below the piston now sinks, in consequence of the ex- 
plosion, and, at the same time, cooling takes place, so 
that when the piston comes to rest, after the employ- 
ment of the active force imparted at the beginning, 
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it sinks considerably below the exterior air presBure. 
The piston now changes its moyement, and goes down 
in consequence of the exterior air pressure and its own 
weight, whilst it actuates the shaft. The tension below 
then gradaaJly increases. The effectiTe forca npon the 
piston is, therefore, a decreasing one, so that its 
velocity by this time is less than the peripheric velo- 
city of the shaft. The piston now drives oat the 
combustible product, whilst it sinks farther down by its 
own weight. The piston movement, consequently, 
consists of four periods. In the initial period it con- 
sumes a part of the active force of the driving shaft ; 
daring the ap-stroke it ie independent ; ^in the first part 
of the downward-action it increases the active ioree of 
the shaft ; in the latter part it is again free from it. 
The nsefal work is, therefore, equal to the difference 
due to the operations in the third and first periods. 

In order that this manner of working, as described, 
may be attained in full, three mechanisms are neces- 
sary : friction coaplii^, the arrangement for lifting the 
piston, and the distributing slide valves. 

The friction coupling it is unnecessary to describe 
here. 

In order to be enabled to understand the valve 
motion, the slide movement must be first explained. 
The slide, which glides between the valve-face and 
slide cover, and is tightened whilst the latter is pressed 
against it by four spiral springs, arranged beneath the 
nuts of its fastening screws, is to provide for the 
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inlet, outlet and the ignition. It usually etande, as Fig. 
16 showa it, with the outlet condnit open. .This goes 
through the valve-face and slide cover, and is closed by 
the flap valve, g, which rises as soon as the tension in 
the cylinder is greater than the oatside pressore of air. 
The piston is thereby pat into position daring the last 
part of the downward action to drive oat the com- 
bustible product. The gas flows through the bore, h, 
the air through bore t, into the slide cavity k. "Whilst, 
therefore, the slide goes back from the position, Fig. 1 6, 
into the position. Fig. 17, its lower dead point position, 
and from this into the first, the detonating mixtare can 
enter through the conduit I below the piston. 

The sUde should also provide for the ignition. The 
cavity, m, is filled with explosive mixture when it is 
near its lowest dead point position ; the gas enters 
through the bore, n, of the slide, the air through the 
trough, 0, into this ; the mixture is ignited by the gas 
flame in the slide cover. If the elide now goes upwards, 
then the chamber, m, is immediately closed ; in it 
boms the so-called intermediate flame. Now it passes 
the position, Fig. 16, and enters into that of Fig. 18 ; 
the mediating flame strikes into the cylinder, and 
ignites the detonating gases there. 

Thereafter the slide passes through its upper dead 
point into the first position, and remains there until 
the beginning of a new cycle. It is, however, to be 
observed that it must not come too soon into this posi- 
tion ; the tension below the piston most be sunk below 
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the oDtside air presenre ; otherwise a partial escape of 
the expanding esplosive gasea would take place throng 
the cover g. 

To carry out the slide movement, there are two 
eccentricB npon the shaft to regnlate the engine. It is 
reqnired either to vary the gas tap of the feed pipe 
by hand, or to make it self-acting by a centrifagal regn- 
lator ; the mixtote is thoB rendered poorer in gas 
according to the requirements, and the piston is not 
forced so high as with fall requirements, whilst the 
nomber of the piston strokes remains the same. Snob 
an arrangement, however, would not be good, because 
the engine works best with a certain height of piston 
movement ; and also with greater poverty of gas, igni- 
tion is easily prevented, and then nnconsumed gas 
parses through the engine. On this account it is 
better to put a tap into the discharge pipe. If we 
close this, more or less, by hand, or automatically by 
a centrifagal regulator, there is caused a slower out- 
flow of the combustible gases, also a slower falling of 
the piston, already independent of the -shaft, and 
therewith a diminution in the niunber of the piston 
strokes, whose height now remains the same in con- 
sequence of the explosive mixture being always equally 
compressed. 

The temperature of the exhaust gases changes with 
the number of the piston strokes ; it was found for forty- 
five, thirty-seven, twenty-eight, twenty strokes per minute 
respectively, as 220", 202°, 180% 140° ; the coolingwas 
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effected from a reservoirwhich contaiued only 70'lcnbic 
feet of water, the iemperatoie of which was 15° at the 
beginnmg ; after ten hours, however, it entered the 
engine at 67° and left it at 88°. 

The engine described was improved in many respects 
by the inventors in the coarse of years ; but what has 
been shown indicates the first principles of gas-engine 
constrnotion ; it would lead as too far to give here 
a detailed historical development. 

GUIea' Engine. 

The older machine had especially one bad featare. 
Its velocity could not exceed thirty-five piston-strokes 
in the minate, withoat causing danger to the moving 
parts, and the noise to be intolerable. 

The motor, by Gilles, of Cologne, arose pat of the 
endeavour to overcome the objectionable noise of the 
Laogen-Otto Engine. It is especially distinguished 
from this by the arrangement of two pistons instead of 
one. The lower working piston is connected with the 
shaft by a crank and rod, the upper piston serves only 
for reducing the blow when it is driven up by the 
explosion, and so creates for the explosive gases room 
for expansion. 

In Fig. 22, A is the working piston, B the flying 
piston, and C the vertical cylinder closed above. If 
the former is at its upper dead point, it then moves 
downwards in consequence of the stored force of the 
fly-wheeL The flying piston, as the air valve a is 
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placed, caneea air to enter in the upper part of the 
cylinder, until the traverse b rests upon stops on the 
cylinder cover. 

In the meantime the working piston has gone down 
so far that the inlet canal for gas and air, d, gets into 
connection vith the space hetween both pistons ; then 
begins the auction, and gas and air enter through the 
openings of the covering of the distributing valve chest 
and through the cavity g of the distributing slide valve 
i. So soon as the filling is drawn in, the slide i, 
governed by a cog-wheel A, begins its upward move- 
ment. It cuts ofT the entrance first and then promotes 
the ignition, whilst it cuts off the point of the 
burning flame in the cavity k of the cover of the 
valve chest in the conduit /, and throws it into 
the entrance conduit d. At the same time the air 
filide closes up. The ignition therefore follows and the 
■working piston receives an impulse, whilst the flying 
piston is thrown up at the same time. The air found 
above it escapes through the holes m m, which are 
closed by the rubber band n ; the air, therefore, can 
escape through them but not re-enter. As soon as the 
flying piston has passed these holes, it begins to come 
to rest whilst it compresses the air above it. Now it is 
caught up by a particular arrangement and held fast 
in its highest position. In the meantime the working 
piston passes through its lower dead point ; and, a 
vacuum having been formed between the pistons 
through the cooling of the cylinder walls, it is driven 
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np by the pressure of external air. Shortly before it 
reaches its upper dead point, after it has passed the 
mlet conduit, the slide a is again reversed, so that air 
may enter above the flying piston ; at the same time 
the latter is set free and now goes down, driving oat 
the comhuBtion products through a self-acting valve (not 
shown) about midway of the cylinder. The air elide 
has, therefore, only to prevent air entering between 
the pistons when the flying piston is quite above. 
The catch arrangement is thus managed : The brake- 
checks p p are pressed against the bar of the flying 
piston by the levers g q, upon which spiral springs r r 
press. This is caused to happen at the right time 
through the excentric e, which moves the lever (, and 
by it holds np and so relieves the brake during the 
time when the flying piston is impelled upwards. 

It cannot he denied thai the action of this engine is 
ingenious, and the construction in general suitable to 
the purpose ; but the catch arrangement remained 
always a weak point and interfered with the success of 
the engine as agEunst that of the Langen and Otto. 

K. Hallewell patented, in 1875, No. 2826, an engine 
founded on the same principal as the Otto-Langen 
atmospheric engine, which utilises, but indirectly, the 
pressure of the atmosphere. The explosion of the 
mixture of gas and air is effected in a vertical cylinder, 
terminated at the head by a large elapet. The explo- 
sion raises the piston when free, and the return stroke 
determines a vacaom in the cylinder. The mechanism 
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of aciaating the double-stroke piBton-slide differs from 

that of the engine described. 

The dlBtribntion of the sapi^y of gas and air is rega- 
lated in thia en^e by a revolving slide-valve. 

Tamer patented in England, id 1879, No. 1270, a 
small gas motor, in which the slide is completely 
surromided with water. The valves are formed of 
vulcanite bullets or balls, this material being specifically 
and relatively very light. A trial 'of one- of these 
motors of one-third horse-power, making one hundred 
and eighty revolntions a minute, and working with a 
mixture of one part of gas to seven of air by volume, 
gave a consnmption of 1*13 cubic metres, or 3*30 
cubic metres per indicated horse-power. 

For motors of larger size, above two horee-power, 
Turner adds to the motor-cylinder a pump, which 
slightly compresses the gas into the cylinder and com- 
pletely sweeps out at each revolation the products of 
combustion and explosion, the explosion occurring 
when the pomp-piston is at the bottom of its stroke. 
The same inventor also proposes a method of gas dis- 
tribution by means of two slides. This method of 
distribution, we cannot, in our limited space, do more 
than call attention to ; it has not been found to have 
very great advantages. 

The motor of Ravel (French patent. No. 127,683, of 
1878,) has an oBciUating cylinder, which admits of the 
piston acting directly on the motor-crank. The move- 
ment of ihe slide is independent of that of the cylinder. 
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Bobmm'B motor (EugUali patent, No. 4050, of 1881) 
is Bimilar to that of Langen and Otto in principle, 
bat differs in points that it is beyond the Bcope of this 
book to give in detail. 

In Ord's Engine (English patent, 8276, of 1881) 
the aim vas to render the lighting mora certain and to 
allow of a high speed. Two pomps are employed, one 
for the gas and the other for the air, to impel these 
into a lighting chamber in the slide of the dis- 
tributor. 

In Benier and Xiamarfs motor, distribution and 
lighting is effected by a single slide. The movement 
of the piston is horizontal, as will be seen from Figs. 23 
and 24. The slide is moved by a cam, G, and is 
returned by a spiral spring. Up to the middle of its 
stroke the piston draws the detonating mixture by 
N n. The igniting flame M M', fed with gas by M and a, 
and re-ignited by the permanent burner M", enters by 
N to give the explosion. At the return stroke exhaust 
is made by N S. These motors, intended for one- 
aisth to one'half horse-power, are very simple and com- 
pact. The reader is referred to the patent specifica- 
tion No. 2074, of 1881, for details. 

S. Atkinson's engine of tlus type, for which patents 
No. 4086, of 1881, and No. 4878, of 1882, were 
taken ont in this country, has no salient specialty ; but 
other types of gas engines, by the same inventor, that 
have met with considerable development, we shall 
describe under the proper classification. 
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Jacob Sohweizer's " Bevolver Motor," patent No. 
4363, of 1883, incladee a new idea, namely, to ignite 
the mixture at the commencemeut of the stioke of the 
piston, that is, when it Is moving with only small 
velocity, and to eliminate entirely the bnmt products 
from the explosion chamber, and at the same time to 
ntilise the Tacumn produced by the condensation of the 
gases. The engine is famished with a certain number 
of combustion chambers (generally six), arranged as 
are the chambers of a revolving firearm. Each of 
these chambers having been filled with air, then with 
gas, passes in its revolution before the igniting Same, 
and the vacuum, determined by the previous forward 
movement of the piston, inspires the igniting flame and 
produces the explosion. The forward face of the 
piston communicates at the same time with the com- 
partment of the revolver immediately preceding that 
which is in action, and by the action of the air clears 
this chamber, just nsed, of the products of combustion. 
This very logical idea is, however, rendered nearly 
nugatory by the combrons nature of the additional 
moving parts. 

This inventor also has proposed to utilise the ex- 
plosion of a detonating gas to compress air, afterwards 
employed to work a compressed-air engine. The idea 
is ingenious, but has not had any practical demon- 
stration. 

In another design this inventor leads the gas into 
an explosion-chamber, forming a prolongation of the 
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cylinder, by a pipe which passes through the chamber 
and is pierced laterally with holes. 

Northootfs engine (patent No. S176, of 1880) is 
characterised in its working by the expansion of a 
mass of air compressed -at each explosion. It is there- 
fore strictly belonging to that mixed class of motors of 
which as yet we have had little experience. 

The Eoonomlo Motor Company of New Torb, have 
recently introduced an engine into this country, 
patented in 1883, No. 4260, ill which there is em- 
ployed a novel cylindrical sUde distributor. The engine 
itself is, however, for a small motor, very complex. 

Besides these engines, of which we have given short 
descriptions of their salient points, are those of 
Linford and Cooke, patent No. 326, of 1883 ; P. P. 
Forest, patent No. 19, of 1883 ; S. Withers, patent 
No. 417, of 1882 ; Ch. Emmet, patent No. 397, of 
1882 ; W. B. Hutchinson, patent No. 2339, of 1882 ; 
and of W. W. Tonkin, patent No. 5201, of 1881. 
All these inventions are more or less well known to 
the engineering public and embrace improvements in 
details, having, of course, considerable importance from . 
the mechanician's point of view. As our space allows 
of our dealing only with general principles, we are 
compelled to pass these by. 

BesTimS of this Fart. 
Enough has been said np to this point of the gas 
engine, generally and particularly, to enable the reader 
a 
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so DIRECT WORKING ENGINES WITHOUT COMPRESSION. 
to grasp a distinct idea of its action, in ita simplest 
form, and of the essential parts or organs involved ; 
its mechanism for igniting, and for distriboting the 
gas and air. 

The distribution is effected by an organ very closely 
related to the slide-valve of a steam engine, trom which 
it differs only by the additional means necessary for 
obtaining ignition of the detonating mixture. 

For instance, in some engines counterbalanced cylin- 
drical slides are employed to regnlate the admission of 
gas and air; in others, as in Haigh and Knttall's, 
oscillating cocks are used, or revolving ones, as in 
Linford'B and Tonkin's, oi slides, as in Bisohopp's. 
In Hallewell's a disc performs this office. The plate 
slide is found in the largest number. 

Ignition of the detonating mixture in motors work- 
ing without compression of this mixture is, compara- 
tively with the case of those using compression, an 
easy task. It is generally effected by inspirmg or by 
throwing in a burning jet, which latter is relighted, 
when blown ont, by a permanent auxiliary gas burner ; 
but of these two methods inspiration is most used. 
At a given point of the stroke, genera,Ily a third, the 
piston uncovers a smaU orifice closed by a small lid 
or clack, which the pressure of the atmosphere opens 
and pushes forward towards the cylinder, at the same 
time admittmg the flame from the burner. This clack 
has been replaced by a ball or by a bullet ; it has, as 
in Atldnson'^ engine, been altogether suppressed, bat 
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witbont any great advantage. In other engines the 
flame for ignition has heen strengthened by a device 
known as an " exploder," that is, the mixtore is not 
directly ignited in the cylinder, but a small part of the 
mixtnre is detonated in an adjoining and connecting 
chamber. Anxiliary meehaniBm is sometimes employed 
to open and to close the ignition orifice, bnt the action 
is best effected by the slide-Talve itself, which having in 
its substance, a small igniting chamber, carries with it a 
flame from the bmner and as well closes the explosion 
orifice by one movement. Incandescence (to be sub- 
sequently described) is a source of ignition employed 
in this type of gas engine we have been considering, 
in only one instance, that of the Economic Motor 
Company. 

The various ideas of inventors are, in this class of 
motors, very numerous ; not only are they exceedingly 
difBcult to classify, because of their diversity, but no 
one has, as yet, sufficient experience to be able prO' 
perly to weed out incorrect or erroneous notions from 
amongst so many that are untried. 

Andrew thinks it necessary to admit to the working 
cylinder a certain quantity of the mixture directly, by 
simple aspiration, independently of the admission made 
by the slide, in order partly that the dimensions of the 
slide may be reduced. 

Generally, the return of the piston is considered 
sufficient to expel the products of combustion, and in 
some systems a part of these products is allowed 
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always to remain in the cylinder, as a buffer to deaden 
the shook of the explosion. This is the case in 
Sohweizer'B engine. On the contrary, in other engines 
as complete as possihle a clearance of the combustion 
products is aimed at. Tomer clears out his cylinder 
by means of a pump after each stroke of the piston ; 
Bobton effects the clearance by an auxiliary piston ; 
but experience has not yet shown any definite ad- 
vantage in out-put of energy as due to these pre- 
cautions. 

The various devices to reduce the cumbrous cha- 
racter of the engine, such as are designed by Benier 
and Lamart and Forest, or to reduce the height, as in 
Ravel's oscillating cylinder machine, do not appear to 
have met with any great application : in the case of 
the oscillating cylinder machine, the disadvantages of 
this kind oi cylinder in the steam engine are equally, 
if not more, applicable to the gas engine. 

Many attempts have been made, in this class of 
engine especially, to rednoe the shook of explosion: 
the use of an air-cushion, or a cushion or mixture of 
poorer gases, before the charge proper, have been pro- 
posed and carried into execution, hut the end seems 
dif&eult to attain. It seems best realised in Otto and 
Langen's engine as improved by QiUeB, and in 
Bifichopp's arrangement. 

Cooling of the cylinder has not received that atten- 
tion in motors working without compression as in the 
case' of the engines of high powers working with com- 
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pression, for the reason that the heating ib considerably 
less. 

The means of regalation seem, with this class of 
engine, to have been adopted from those nsnal with 
steam engines ; and, similarly, this seems to be the 
source of the means adopted by Ltaford to obtain 
regularity of motion, namely, by employing more than 
a sii^le cylinder. 

The cycle of this first type of motors is charac- 
terised by the following periods : 

((1) Inflow of the mixtmre 
of air and gas gene- 
W Period tomg wWch I rally at atmospheric 

,. • I pressnre. 

motive power is < „, „ ^ , 

(2) EKpIoBion of this mix- 
ture at constant 
volume. 

(3) Ezpausion. 

(fc) Period of loss or i (1) Exhaust of oombua- 
waste-worb. \ tion products. 

We shall see that this cycle presents, in comparison 
with that of engines working with compression, as 
described in Fart U., radical inferiority. One point 
of loss, theoretically, is the low fall of temperature ; 
and other points, such as the small influence of the 
cylinder walls, &c., are due to the arrangement of parts 
consequent upon the simplicity aimed at. 
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CHAPTER n. 

Q18 ENQDma WOBEIKO mXH COHFBESBION. 

We can, in this chapter, now that we are better ac- 
quainted with the various organs of a gas engine, and 
their nses, start out with the consideration of the 
theoretical cycle of the particular clase of engine to 
be described. It embraces the four following periods : 

(1.) Compression of the air and gas according to 
an adiabatio cnrre ; 

(2.) Combustion of the mixture under constant 



(8.) Expansion following an adiabatic, 
(4.) Exhaust or escape at atmospheric pressure. 
Under this cycle we might admit two divisions ; 
one corresponding to Ericson's heat engine, limited 
by two adiabatics and two lines of equal pressures ; 
and the other corresponding to the type of the hot-air 
engine of Joule, limited by two adiabatics and two 
lines of equal volume. With equal compressions, the 
former subdivision would represent a class of engines 
having theoretically a lesser approximation to perfec- 
tion, although this inferiority may be found quite out- 
weighed by practical considerations. It has been 
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pointed out by former French and German writere 
that, with the former class, the inflaence of the walls 
of the cylinder is reduced beeanse the temperatnre 
of the combnation is lower than the temperature of 
the explosion in the engines of the latter class ; yet 
this combustion may be effected in a chamber sepa- 
rated from the cylinder, in which chamber greater 
' heat and better protection from radiation may be 
attained. If this method of combustion, howeYer, in- 
troduces complication of the parts of the cylinder, 
then there would be no practical, as well as no 
theoretical advantage. 

As types of the former class or subdivision, we may 
cite the engines of Fonlls (patent No. 180, of 1881 ; 
No. 2,422, of 1882) ; of W. Uvesay (patent No. 
2,927, of 1883) ; and of Crowe (patent No. 2,706, of 
1888); bat it is mmeoessary here to iUnstrate the 
class. 

As previously stated, the engines of the latter class, 
to which belong some important introductions to en- 
gine^ing science in this particular, have a cycle that 
is theoretically identical with that of Joule's hot-air 
(9)[gine, furnishing the maximum of work per nnii 
volume of gas, when the temperature at the end of 
the expansion is the same as it was at the termina- 
tion of the compression. 

In this important class of gas engines, two divisions 
have been recognised scientifically, and have strangely 
been represented by two important mann f actarBra in 
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trade : we allude to the Otto gae engine as represent-' 
ing one divieion, in Trhich the 'whole of the four 
periode of the cycle are performed in the motor 
cylinder; and to the Clerk engine, in which part 
of the cycle is performed in a pomp or separate 
cylinder. 

It has been already pointed oat that the drawback 
to the direct working in opposition to atmospheric 
engines can only appear jneiified by practical adop- 
tion when essential changes in the principle of the 
motor — changes of its cycle process — are considered 
in connection with it. As well as that with these 
engines the miztore is compressed before ignition, the 
piston velocity is considerably increased, and the 
combustion is prolonged. As concerns the first cir- 
camstance, smaller dimensions of the cylinder mnst 
be allowed as an advantage ; also increase of the cer- 
tainty of ignition, because the single gas particles, 
which may be considered as floating in the air — or, 
more generally speaking, in non-combustible parts of 
the mixture — lie nearer one another in the com- 
pressed mixture than in that at only atmospheric ten- 
sion ; consequently the transmission of the flame 
through the whole is facilitated. We may, therefore, 
work with a poorer gas mixture, and obtain fi'om it, 
in consequence, less initial temperature of the expan- 
sion, requiring to carry ofl less heat by cooling. 

The piston velocity of the older engines was, as 
cited, always less than one metre per second; their 
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coustraction did not allow a greater Tolae, even when 
the cylinder worked doable, for otherwise the reeoUs 
from the expIoeioiiB were too Tiolent, and the strained 
parts Buffered too much. AtmoB pheric engines, on the 
other hand, had at the right moment very great 
piston Telocity, as t he pJBton flew np fr eely ; therefore 
its diminished consumption of gas. Then the tempe- 
ratore arising from the explosion is the same in the 
atmospheric engines as in those working direct with- 
ont compression, bnt it sinks more suddenly with 
greater velocity of the expansion ; there is less time, 
therefore, to transmit heat to parts of the machine or 
to the cooler, and a greater part of it may be con- 
verted into work. When an atmospheric engine 
makes thirty-five piston strokes, each one metre, in 
the minute, its average piston velocity is certainly 
small — only 0-68 metre. The piston velocity in the 
oatflight period is, however, very considerable, as, 
according to Meidinger's observations, this takes only 
one-tenth of the duration of the whole play. We 
shall see very clearly how great is the influence of 
the piston velocity; for it is not easily observable 
that other circumstances should cause an essential 
difference in the consumption of gas of the atmos- 
pherio engine, compared with those working direct 
without compression. If we could give the latter class 
of engines the same piston velocity, then the differ- 
ence would be scarcely apparent. 
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Otto'B Engine. 

In Figs. 25 to 37 — 36 Q is repieseuted an eight- horse 
motor. This is a horizontal arcaogement, similar to the 
usual steam-engine. A is the cylinder provided vaith a 
cooling jacket, at one end open, at the other consider- 
ably lengthened beyond the inner dead point of the 
piston. The space thus formed, or so-called combostion 
chamber, amounts to about two-thirds of the play of 
the piston. In this part of the cylinder there are two 
openings, a and b; a for the inlet and the ignition, 
b for the exhaust. The £irst is opened and dosed by 
the slide B, the latter by the valve C. The piston D 
transfers the force taken op by piston rod, crosshead, 
and connecting bar, to the crank shaft, which carries 
pulley and fly-wheel, and by which the slide movement 
is promoted through the gearing, the shaft, G, crank, 
H, and connecting bar, I. The slide cover is pressed 
by a spiral spring against the slide ; two suitable not- 
screws secure it when the springs ate not of sufficient 
tension. 

The engine is single working. The cylinder s«ves 
alternately as compression pump and working cylinder. 
When the piston moves &om the dead point position 
forward, it draws in the explosive mixture. When it 
makes its stroke backwards it compresses the mixture ; 
it goes then, for the second time, forward, the explosion 
follows, and the expansion of the combustible products ; 
when it returns for the second time it drive? oat the 
combustible products. The working period, therefore. 
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comprisea foTir half piston strokeB, or two revolations 
of the engine. The apeciol performanee of work only 
takes plaoe diiriog the third part of the period; during 
the first, second, and fourth sections a part of the 
work is again nsed in the engine ; the active force of 
the fly-wheel mast here help oat. 

In order that this mode of working may he avail- 
ahle, the slide makes only half as many strokes as the 
piston; the wheels E F are as 1 : 2; the governing 
shaft G- rans at only half as many revolutions as the 
main shaft. The movement of the slide is now as 
follows in reference to the piston movement, so that it 
may fulfil its functions of feeding and regulating. In 
the representation. Fig. 28, let the circle 1, 2, 3, 4 be 
the cycle of the slide crank, and i, ii iii, iv, that of 
the piston crank, which, on account of the more conve- 
nient view, is supposed to be displaced in the plane of 
the first. As now in the initial position of the working 
period, the slide crank lies towards the piston crank at 
about 45°, and as it makes only half as many revolu- 
tions as the latter, the positions 1, 2, 3, 4 correspond 
with the positions i., ii., iii., iv. Daring the first piston 
stroke i. ii., the slide goes from its first position, a, into 
the dead point B, and irom this into the first again, cor- 
responding to the action of the slide crank 1, 2. This 
movement accomplishes the filling. Dnring the second 
piston stroke, ii. iii., the piston compresses the mixture 
in the cylinder ; the shde, the crank of which goes from 
2 to 3, keeps the ei^iue closed; whilst the third 
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piston stroke iii., iv., oaases the explosion and expaJi- 
sion of the combaatiou prodacts. The slide must, 
therefore, after it has passed the position gained, effect 
the ignition ; then, whilst it returns throngh its dead 
point behind 8, into the same position, corresponding 
to the crank action 8, 4, keep the engine closed. The 
same is the case when the fourth piston stroke, 4, 1, 
occurs, corresponding to the crank movement 3, 4, 
heoanae the driving oat of tho combustion products 
does not take place throngh the slide, but throngh the 
exhaust valve. 

In order to be able to fulfil these conditions, the slide 
is arranged as Figs. 29 to 85 represent. Fig. 29 shows 
a horizontal section throngh the back part of the 
cylinder, as the height of the centre line, and the 
marked position is that which the slide must occupy 
at the beginning of the first period ; therefore position 1 . 
If it now goes from left to right in the first half of the 
first period, the air streams out of the space c, which is 
in connection with the external atmosphere, throngh 
the conduit d into the opening a, whilst the gaB comes 
out of the space e of the slide cover throngh a series of 
fine openings, /, lying one above another, and mixes 
here with the air. 

Ignition is effected in the following manner. There 
is in the slide valve a chamber which commnnicates 
immediately with an especial gas conductor on the 
cover shortly before position 8. This chamber is, 
therefore, filled with gas, and serves for the formation 
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of a connecting flame between the ignition flame, 
always burning in the cavity of the slide cover, and 
the charge; such a connection is necessary, becanse 
the charge at the time of the ignition possesses a higher 
tension, and, therefore, cannot commanicate with an 
open burning flame. If now the connection chamber 
IB filled with gas and air, the mixture is ignited at the 
ignition flame ; afterwards this connection is cut off, and 
then communication restored, through quite a narrow 
condoit, between the connecting flame and charge. As 
the conduit is so very narrow, the flame ie not extin- 
guished in the chamber by the passage of a strongly 
tensioned charge, and the tension is equalised, so that 
immediately the mediating chamber gets into connec- 
tion with the further opening a of the cylinder the 
flame strikes into the charge, and may cause it to 
explode. 

In immediate proximity of position 3 there must 
take place three consecutive circumstances : (1) forma- 
tion and ignition of the mediating flame ; (2) equalising 
the tension ; (3) ignition. 

Fig. 80, a vertical section onx y ia. Fig. 29, repre- 
sents the source of the mediating flame. In the slide' 
there is the chamber g ; this communicates with the 
flue h, placed at the slide cover. The ignition flame 
bums in the flue h, at the opening of it, which facili- 
tates the entrance of air. Into the chamber g the 
mouth of the conduit k opens, and to this the con- 
Sikt I, in the slide cover, leads the gas which £lls the 
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chamber and igiutea the barmng flame in the oover. 
Throngh the further movement of the slide, it attains 
the position Fig. 81 ; here occnts, by the small con- 
duit month m, on the connection with the interior of 
the cylinder, thia equalising of the tensionB. A little 
further continnation of movement of the slide allows ff 
to meet with the greater opening a and effect the 
ignition. 

It is clear that these positions also oocnr on the 
reversal of the slide c, in reversed saccession, and that 
in conBeqaence a slight blowing ont of the combustion 
prodact takes place from the cylinder throngh the 
mediating chamber into the ignition flame, and a 
little gas cnrrent oat of I upon the same stroke ; both 
are not, however, of importance, effecting only sUght 
flickering of the ignition flame. Figs. 32 to 35 give 
views of the valve face, both at slide surface, and the 
slide cover ; they require no explanation, 33 and 35 
are drawn reversed on acoonnt of the better view. 
■ The regulating of the engine is very ingenions. It 
was previonsly pointed ont that it is necessary to take 
care, in the governing, that the mixture of the gas and 
air, required for combttstiou, is in proper meaaore. That 
is not possible with a valve on the gas pipe, which is 
closed more or less by a centrifugal regulator. Otto 
has therefore preferred so to arrange the regalating 
valve, that it either provides for the entrance of the 
proper gas mixture, or admits no gas at all into the 
engine, so that this runs empty, or only draws in air. 
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compreesing, espEindiiig, and expelling it. The arrange' 
ment is shown Fig. 25 and 27 K ; the regelating 
valve in qaeBtion is represented in detail in Fig. 36. 
It is kept closed by a spring n, and only opens when a 
spoke of the cam p placed upon the governing shaft 
lifts the one limb of the angle lever g, the other limb of 
which leans against the valve bar. This takes place 
quite regularly with normal action of the engine; 
so soon, however, as it goes too qoiekly, and the haUs 
of the regulator L rise, the angle lever r moves the cam 
p so t&i aside as to allow the spoke to pass the leg of 
the angle lever. No gas can now enter until the 
balls of the regulator have again sunk ; a series of 
eiploaions occur. In order that the valve K may not 
remain open on the stoppage of the engine, and also 
that the gaa pipe may be securely closed, the arrange- 
ment is BO regulated that when the balls of the 
governor are quite down, the cam p is moved aside to 
the right, so that the spoke can never stand under the 
angle lever g. The consequence of this would be, that 
the machine must be turned so fast in running that 
the haUs of the governor would rise, a matter of im- 
practicability. There is, therefore, the small rotary 
support s provided ; this is set up before the engine is 
put into motion and the cam p moved into the right 
position ; as soon as the explosion occurs, the support 
is free and falls down. 

The eshaust valve 0, which is represented in detail 
in Fig. 37, is controlled by the governor shaft through 
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the cam t ; this carries a catch which presses back at 
the appropriate time the an^e lever u , which lies 
lightly against the cam by spring pressare and 
generally holds the valve dosed. Beoanse, however, 
the engine is tamed with difficulty when the compres- 
sion is to be overcome, there is arranged upon the 
cam t a second catch o, placed about 180° with the 
£rst, and half as broad as this, which operates, in 
regular action npon the angle lever w, and thus npon 
the valve g. If, however, the cam is pnshed to the 
right by the hand lever v, then the valve opens 
twice in one period — namely, daring the discharge and 
during the compression. The engine now mns easily ; 
and as soon as it gets into motion the hand lever is 
again reversed. 

After this description, the action of the engine may 
be understood np to one point — the arrangement for 
the attainment of a slow combnstion. The whole gas 
mixture does not explode at once, bat only a part of 
it ; the rest then bums away gradually, whilst the 
piston moves forward. That this, in fact, is the 
case may be concluded from the indicator diagram ; 
this also shows that, with the expansion, an additional 
heat occurs, which cannot be explained otherwise than 
by the phenomenon of the " after " combustion. The 
cause of this phenomenon, to the importance of which 
attention has already been drawn, is to be sought in 
the large combustion space in which, at the end of 
every working period, great quantities of combustion 
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jarodncts remain. Slaby,* and probably Otto him- 
eelf, accept the following explanation. As behind the 
piston, in its first dead-point position, combastible 
prodnets entirely are to be fonnd, and as the piston 
in the forward action, at the beginning, draws in only 
air, and only, later on, a combastible gas mixture, 
these gases do not mix egnally — there is a stronger 
mistnre collected at the foot of the cylinder than 
farther towards the piston, and this inequality is not 
entirely removed by the compression now following. 
The violent mediating flame now strikes like a shot 
into the cylinder, and effects the explosion of the rich 
gas layers behind. During the action of the piston, 
the gradaal combustion oecm:s of the farther gas par- 
ticles in the mixtare of air and residnnm lying in 
&ont ; the cnshion of indifferent gases lying in the 
immediate proximity to the piston modifies, at the 
same time, the blow upon this. There is no qaes' 
tion that this explanation would be completely satis- 
factory if the stratified positions of the gas were 
known ; the absolute assumption of it, however, would 
be somewhat bold. Weddingf maintains that the 
after combustion occurs according to Bonsen's law : 
thus only so much gas is consumed as belongs to the 
production of a temperature, at which the dissociation 
of the combustible product must take place. Yet it is 
not easily pe rceivable why, with a mixture containing 
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no residuum, how it imB expended in the old direct- 
working engine, no after combustion taking place. 

In the general dispoBltion of snch an engine, tbe 
gas-pipe has one (with larger engines there are two) 
rubher bag interposed, in order to protect the contents 
of the pipe from the euction of the engine. The gas- 
pipes for the ignition flames have to branch off from 
before the rubber hags, in order that these flames may 
burn qnietlj. The application of a gas pressure regu- 
lator is also desirable. The air is best taken from a 
suction vessel, so that no impurities can come into 
the engine, and noise may be avoided. In order to 
avoid the violent detonation, or so as to make it less 
load, an outlet valve is inserted in the exhaust-pipe. 

If there is sufficient water for the procedure, it 
may be allowed to flow continuously through tbe cool- 
ing jacket. If a cistern is used to which the heated 
water is returned, the source of the supply must hold 
one cubic metre per horse-power. The arrangement at 
starting is as follows : — The support s is set up at the 
regulator ; the compression thrown out of gear ; the 
cold-water pipe opened; both taps of the ignition 
Same opened and the flame ignited, the tap arranged 
as may be most suitable to correspond with the pres- 
sure of gas ; and the engine is now brought into action 
by a sudden turn of the fly-wheel. The regulating 
tap is opened now by degrees, and Anally the trans- 
mission belting is thrown in gear. 

Tbe care of the engine is simple ; it requires very 
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littie attention. The principal care is good oiling for 
the cylinder and slides ; this is secored by a Belf-acting 
arrangement. In the grease Tessel L, Fig. 26, there 
is a small chain pomp, driren by a cord o£F the govern- 
ing shaft, and this mores the oil in drops to the 
front end of the cylinder and the pipe leading to the 
slide boxes. For the sake of good maintenance, it is 
well, as a rale, to take the slide asonder every week, 
and to clean it ; every two weeks to remove the 
piBton, and to examine the whole engine thoronghly. 
This work requires respectively two and eight honrs 
time. The necessity for oUing is very small ; the pos- 
sesBor of an eight-horse power engine states that he 
useB in thirty working hoars one kilogramme, consist' 
ing of three qnarters rape oil, and one qaarter petro- 
leam. The commnnication of the following hint may 
perhaps be welcome to many. It happens occasionally 
that the engine will not move at all ; after some time, 
however, it freely moves. This may probably happen 
from a little oil being in the trongh of the slide cover, 
through which the gas streams for the mediating 
flame, and making it difficult for the gas to approach. 
Kotwithstanding the engine is only single working, 
it goes very regnlarly, particularly with a heavy load. 
Suction takes place with pressure a little nnder 1 
atmosphere, the compression shows 3 atmospheres ; 
throngh the explosion the tension is sent np to about 
11 atmospheres, and sinks gradually again, in conse- 
quence of the expansion to 8 atmospheres, then the 
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outlet Talre opens at about 10 per cent, of the piston 
stroke before the dead point ; at the dead point the 
tension is close npon 1 atmosphere, and remains eo to 
the end of the working period; the gases escape at 
fall; 400°. From the diagrams it is conelasive thai 
the highest temperatare is 900 or 1,000°. 

Ihe consumption of gas may be taken at 1 cubic 
metre per horse and hour; naturaUy with large engines 
relatively less than with smaller. By experiments we 
find occasionally smaller goantities ; it mnst be remem- 
bered, however, that in sach oases the engines are 
usually thoroughly cleaned ; for ordinary working 
one will not make a mistake with the above figure. 

In the following tables* are the results of a series 
of brake experiments, which have been taken with such 
engines. The experiments 6 — 16 especially, will show 
how beautifully the regulation works ; the figures for the 
consumption of gas per hour and horse-power increase 
only slowly with decreasing work requirements. The 
infinence of cooling is visible with experiments 1 1 and 
13 — 16, the temperature of which was maintained at 
65 — 75°; with experiment 12, however, at 82 — 88° 
Whilst the other data in 12 and 18 agree pretty closely, 
the consumption of gas in the first case is higher 
than in the last. With experiment 14 the cooling 
water was measured ; it gave with an increase of tem- 
perature of 12 — 17°, a consumption of 175 litres 
hourly. The influence of the gas pressure, which 

* Schbttler'a Qas-Maclime, p, ig. 
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TO COMPRESSION ENGINES. 

Taried from 18 — 24 mm, urater pressure, coald not 
be established. 

Fbofbbsob Thtjeston'b Expebwbkts. 
Previonsly to the restilts obtained by Messrs. 
Morgan Brooks and J. E. Steward detailed farther on, 
FrofesBOF Thurston found from trials frith gas engines 
of TarioDs size and des^ thai the consumption of 
water-gaa varied from 21*2 to 23*4 cubic ft. per horse- 
power per hour, in engines of 6 to 7 indicated horse- 
power, up to 23'5 to 24*S cubic feet in an engine of 
2 horse-power or leas. 

^S,"btZ'f°j« v. I"" »«gy "»l».ti™ ; 

Waote at eshAiifit I2 % total heat of combust, small) 

or from ICO % 1 

„ 200 % ( 



[heat transformed into osefal work. 



In one case the distribution of heat of combustion 
was aa follows. 

Engine, 
7 H-P. brake ; 
8-9 H-P. indicator. 

Gas consumed, 
21-2 H-P.H.ind.; 
HeatsuppUed ... loooo ^ ^^^ H-P. H. brake. 

The following are the principal dimensions of the 
Otto engine used by Messrs. Morgan and Steward. 



Usefdl dynamometrio work 


14-27 


Workofpmnp 


■42 




410 


Lost in exfaanst 


23-55 


Lost in water jacket 


46-90 


Badiatjon,^ 


1076 
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Piston stiroke ., 



35611 



Bianteter ... ... ... ... 216 mm. 

Diameter of brake pnlley 76210111. 

Length of friction leyer 420 mm. 

Weigtt of two fly-wheels 750 kilog. 

YQlnme of oompreaBion chamber 38 per cent, of total Tolnme 
of cylinder. 

^e supply of air was measured, as well as of that 
of gas, so that their proportions might be accnrately 
known and not derived from calcnlation. 
f» The temperatures of water entering and issning from 
the cylinder jacket and of the exhaust gases are given. 

Gas pressure i^ inches, or 30 nun. 

Air „ 2 „ 50 mm. 

Sdmm4rt op Tests. The " horse-power in gas 
bnmed " was calculated from the analysis of Hoboken 
gas, and is the dynamic eqaivaJent of the heat capacity 
of the gas. The "horse-power lost by exhaust," and 
" by water jacket," were calctilated from the specific 
beats of the discharged gases and of water. The 
indicated horse-power was computed in the ordinary 
way from the number of explosions and the mean 
effective pressure. The area of the cards between the 
compression and expansion lines was measured with 
an Amsler planimetei. An allowance was made for 
the area between the exhaust and admission lines> 
representing work done in expelling the burned gases, 
-and in drawing in the fresh charge. This allowance is 
equivalent to a little more than one-tenth of an 
atmosphere mean effective pressure. 
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72 COMPSESSION ENGINES. 

Feiotiok of Engine. — The difference between the 
indicated and the actnal work gives the amonnt of 
friction in the engine. In tests 10 and 17 this falls be- 
low 15 per cent of the indicated work, a somewhat 
donhtful figure. The average of all the teats at full 
power is 18-6 per cent friction, a remarkably good resolt. 

The gas used gave on combustion 5*496 calories 
per cubic metre according to ordinary calculation, and 
was used at a temperature of 24° C. A richer gas, 
or one used at a lower temperature would give greater 
power for the same volume. 

The table of results, at varying power gives the 
results of tests made when there was not sof&cient 
resistance to make the engine take gas every time. 
This is the ordinary condition of running, for it is well 
for the governor to have a reserve of power to draw 
on. The gas consumption per indicated horse-powec 
with varying power is nearly constant, but per actual 
horse-power increases, since the ratio of friction to 
useful work is greater. The advantage of the governor 
in ensuring the greatest possible economy, when the 
engine is not moving at full power, is thus shown. 

Batio op Aib to Gas, — The ratio of air to gas was 
fomid by actual measurement of both, to be about 
seven to one, when the engine was working most 
economically. Although with better gas the ratio would 
be slightly increased, yet it could not equal that nsually 
given for the Otto engine, ten to one, or thereabouts. 

The ratio ia commonly obtained from a meaaure- 
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meut of the gas constmiption alone, the air being 
leckoned as the volame of the piston displacement, 
less the measored amoimt of gas. 

This is not an accotate method, as is shown by the 
indicator diagram (Fig. 88). The pressure in the 
cylinder is sensibly belov the atmospheric at the end 
of the cot stroke, and it is manifestly onfair to com- 
pare Tolames when the preasnies are different. If, 
however, the volume represented on the indicator card 
between the points 1 and 3 (at which points the gases 
enclosed in the cylinder are at atmospheric pressure) 
be used in calcnlation, instead of the entire piston 
displacement, a mnch closer result will he obtained. 
The ratio determined by means of two meters, is how- 
ever, mach more satisfactory than a calculated result. 

When the proportion of air is increased by partly 
closing the gas valve, the card obtained is like B or C 
(Fig. S9}; the explosion line is mach more inclined, the 
jne&B effective pressure is less, consequently also the 
iniicated horse-power. 

"She gas consumption per indicated horse-power is 
not much changed, but per effective horse-power it 
becomes considerably greater, showing the false eco- 
nomy of throttling the gas supply. A comparison of 
tests 16 and 20, in which the conditions other than 
the ratio of air to gas are nearly identical, shows very 
plainly the disadvantage of using too little gas. 

A. careful comparison of the results fails to show 
that any marked difference in either the indicated or 
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74 COMPRESSION ENGINES. 

aotnal work m canaed by varying the temperature of 
the water jacket, the greater direct radiation with 
warm water balancing the greater amoant of heat 
tarried off by cooler water. 
Id the calonlation, 

.=a = ..„. 

Specific heats of gases are not sopposed to be 
greater with higher temperatures. 

Tbb Indioatob Diaobams. — The indicator diagram. 
Fig. 40, ia a fair sample of those taken during the 
tests at full power. Beginning at the point 1, the 
lowest line of the diagram represents the pressare 
daring the first forward stroke, while gas and air are 
entering the cylinder. This line lies at a nearly 
miiform distance below the atmospheric line, as is 
shown more clearly on the diagrams taken with 
a very slight spring. This line, 1, 2, shows a 
negative pressore of aboat 0-16 atmosphere. At 2 
the inlet valve closes, and by the return stroke the 
gases are compressed into the clearance space at the 
back end of the cylinder. This compression is re- 
presented by the line 2, 3, 4, 5, which crosses the 
atmospheric line at 3, and shows a pressure of 2 at- 
mospheres at 5. One revolution of the engine is now 
completed and the charge is ignited jnst as the crank 
is passing the centre. The rapid burning of the gas 
liberates a large amount of heat, increasing the 
temperatnte and pressure, which reaches about 9 at- 
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moBpheres as a maximnm. The line S, 6 ip called 
the esplosion line, although the action is hetter de- 
scribed as rapid combaBtion than as an explosion. 
The gases noir expand daring the second forward 
etroke, and exert upon the piston energy which, by 
means of the fly-wheels, carries the engine through 
the remainder of the cycle. At 7 the exhaust valve 
opens, allowing the homed gases to escape. The line 
8, 1 shows the pressure while these gases are being 
expelled by the second retam stroke of the piston. 

When the governor prevents the admission of gtw 
to the cylinder the cycle is somewhat modified. 
After compression of the air no explosion can take 
place, since there is no oombostible mixtare present. 
The expansion line then follows closely the pievioas 
compreBsion line, and the cycle is completed by expul- 
sion of the air. Two revolntions are required to 
complete the cycle when the engine takes gas at every 
charge ; and foor, six, eight, or sometimes ten revolu- 
tions may occur before the engine retmms to its 
original state. 

In Fig. 4tire given copies of two cards: one A taken 
during test 1, when the engine took gas every time. 
Since in test 1 four charges of air passed through the 
cylinder after every explosion, the products of combus- 
tion were almost completely expelled, leaving the 
clearance space filled with nearly pore air at a tem- 
perature little above the atmosphere. A larger charge 
of gas could thus be drawn into the cylinder and still 
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have safQcient ozygeu for comboation. The result is 
shown by the greater area of diagram A. The mean 
effective pressure is not, however, proportionately 
greater, since the correction for work done in drawing 
in gaeea has to be applied five times to A, and only 
once to B. 

It win be noticed especially by a light spring 
diagram that the pressure between the points 9 
and 10 falls below the atmospheric. This is nn- 
donbtedly due to the rapid cooling of the hot dis- 
charged gases in the exhaust vessel and pipe outside 
the engine. The contraction of these gases from this 
cooling is greater than the piston displacement during 
the early part of the retnm stroke, thus causing a 
partial vacuum within the cylinder. To show that 
ibis is the real cause, and that it is not due to any in- 
accuracy of the indicator, a diagram was taken when 
the engine was running without taking gas every 
After an explosion the pencil follows the 

, a, b, c, d, the same as 8, 9, 10, 1, on the 
other diagram. Daring the next forward stroke no gas 
is taken in, and the line, d, e, corresponding to 1, 2, 
is drawn. Then follows the compression line, e, /, g, ft, 

lame as 2, S, 4, 5. Since there is no explosion 
ihis time, the pencil returns along the wave line, 
», jt ft, I, nearly coincident with the compression line. 
At m, the exhaust valve opens, allowing air to enter 
from without. The pencil does not retam to *>., but 
moves to n, nearly on the atmospheric line. Since 
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ihe gases have not been heated, there can be no con- 
traction to ootinteract the piston displacement, and on 
the Tetam stroke the exhaast line, n, o, p, q, immedi- 
ately riseB above the atmospheric, as would be inferred. 
That it keeps above the other exhaust line, b, c, d, for 
the whole length of the stroke is a farther confirma- 
tion of this reasoning. 

The anthors aoeonnt for the expansion line being 
adiabatic, or nearl; so, b; continaed combustion of 
portions of gas previously prevented from combining by 
liigh temperature, and accept the dissociation theory. 
And add it is quite possible that the gas is not fuUy 
Ijomed nntil after the opening of the eihaust valve. 

Effioienoy. — Ab the cycle in which a gas engine 
works does not even approximate to the theoretical 
cycle of Camot, it seems futile to apply his formula 
for efficiency. 

The indicated work represents 18 per cent of the 
total beat of combastion of the gas. The nsefol actual 
-work is 14J per cent. 

An efficiency sometimes given for the Gas Engine, 
derived &om the indicator diagram alone, is the indi- 
«ated work divided by the indicated heat, giving abont 
80 per cent. This is manifestly incorrect, since the 
indicated heat is not the whole heat of the gas. 

The best steam engines utilise only 10 per cent of 
ihe total heat of combastion of the coal, and small 
engines rarely exceed 5 per cent., so that the gas 
engine is by far the more perfect heat engine. 
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DiBPoamoH of the Heat. — Heat is dieposed of in a 
gas engine in these ways : 

(1.) As indicated work, including usefol work 

and friction. 
(2.) In the hot expelled gases. 
(3.) In the water jacket. 
(4.) In radiation, &c. 
Taking the -figures directly from test 19, bat making 
allowance for probable error in the fignre for water- 
jacket,, it is foand that — 

(i.) = i'33 calonee, or 17 per cent. 
(2.) = i-i8 „ i5J^ „ 

{3.) = 4-00 „ 52 „ 

(4.) = 118 „ i5}4 „ 

the snm 7*69 calories, being the total heat of combns- 
tion of the gas. 

IteiiATiTE Economy of Gab, Stbau and Hot Am 
Engines. — In making a comparison of this kind itjia 
necessary to consider 

(1.) The cost of gas or coal constimed. 
(2.) The cost of water used. 
(3.) Lubrication. 
(4.) The cost of attendance. 
(S.) Depreciation and repairs. 
(6.) Interest on capital invested. 
(1.) The average ' conaumption of gas in a gas 
engine per eflFective horse-power per hour, including 
igniting dames, is about 80 cubic feet. 

The consumption of coal per effective horse-power 
per hour by small steam engines is about 7 lbs. 
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(2.) The vater naed in the water-jacket of a gaa 
engine will not enter into the estimate, eince by the 
use of tanks the same water may be ased continnonsly. 
The water supplied to the boiler of the steam 
engine here considered amoonts to f eahic foot per 
horse-power per honr. 

(4.) A gas engine requires little or no attendance. 
A man can accomplish i of a day's work and still take 
fall charge. 

Steam engines of this size require from i to 1 
day's attention, depending apon the proximity of the 
engine and boiler. 

(S.) As regards depreciation, it is safe to say that 
gas and steam engines have aboat equal terms of life ; 
for, vhile gas engines have less complication of work- 
ing parts than steam engines, yet they are subject to 
more severe and abrupt strains, 

(6.) The interest will necessarily be directly pro- 
portional to the amount of capital invested. 

The following summary shows the relative cost of a 
day's running, in America where the tests were made : 
Gas Enqinb, 8 H.P, icnrAL, 10 HouKfl. 
(i.) 2,400 cubic feet gas@$3,5oper 1,000... $6.00 

(2.) Water 0.00 

(3.) Lnbrioatioii 0.20 

(4.) i daj'e labonr @ $2.00 0,33 

(5.) Depreciation, &c., @ 12 per cent, per 

year, -^ per cent, on $1,075 ••• 0.36 

(6.) Interest at 5 per cent per year, -^^ per 

cent, on $1,075 ■ — 0.15 

Daily expenae $7-04 

.oogle 
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Stbam Bnqihb, 8 H.P. actual, io Hours. 

(I.) Coal, ^^ tona @ $5.00 $1.25 

(2.) Feed water, 65 oda.ft. ©$1.25 per 1,000 0.08 

(3.) Lnbrieation 0.15 

(4.) I day's laboni at $2,00 J-OO 

(5.) Depreciation, &e., at 12 per cent, per year, 

■ji^ per cent, on $800 O.27 

(6.) Interest at 5 per cent, per year, yj^ per 

cent, on $800 /... O.ii 

Daily expense $2.86 

The follo'wing figures have been obtained for the ex- 
pense of running a small hot-air engine. This engine 
has been ronning in a printing office in New Yort City 
for 18 years. It nses 4t lbs. of coal per horse-power 
per honr ; every third year relining costs $100. 
HoT-Ara Engdtb, 2^ H.P. AcroAt, 10 Hobbs. 

(i.) Coal, ^^ tona @ $5.00 $0.25 

{2.) Water 0.00 

{3.) Lubrication 0,10 

^4.) Attendance same as for gas engine ... 0.33 
(5.) Depreciation, &c., @ 10 percent, per year, 

^ per cent, on $750 0.21 

(6.) Interest @ 5 per cent, per year, -j^ per 

eenton$75o 0.10 

Diuly e^ense $0.99 

The cost of one horse-power per honr is, 

With gas engine 8| cents. 

With steam engine 3J cents. 

With hot-air engine ... ... ... 4 cents. 

For intermittent work the gas engine is mnch more 
economical than the above fignres indicate ; and this 
fact, together with its safety, cleanliness and conveni- 
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enoQ, makes the gas engine very desirable where small 
powers are required. 

The original and claBsio type of the Otto engine has 
received improvements at the hands of both its Ger- 
man and English manufactorerB. Otto himself, ac- 
cording to his English patent of 1881 (No. 60) has 
proposed, when dealing with gas of lower combustion 
power than ordinary lighting gas, to completely remove 
the prodnets of combustion, by the aid of an auxiliary 
piston, which piston is situated in the rear end of the 
cylinder and is returned by a spring acting under the 
action of a, cam and levers. 

CroBsley'a Engine. 

In the first type of this improvement on the Otto 
engine patented in 1880 (No. 4,297) explosion occurred 
only once in two revolutions, and the products of com- 
bustion were removed by a pump supplying a flow of 
air under a low pressure. 

• In the second type of engine patented by Crossley 
in 1881 (No. 6,469) there is an explosion at each re- 
volution. After the explosion, the motor-piston allows 
a part of the products of the explosion, at a certain 
point in the stroke, to escape directly into the atmos- 
phere. At this point, the slide valve puts the cylinder 
into connection with a chamber in which a suction 
pump has determined a certain amount of vacunm. 
At the same time the cylinder receives the explosive 
mixture of gas and air preceded by a mass of pure air 
to prevent an explosion. Then the motor-piston un- 
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84 COMPRESSION ENGINES. 

covers the igniting flame, and the cycle is again com- 
pleted. 

The improvements made in the Otto gas engine ly 
the well-known firm of CrosBley Brothers are, as their 
continued nse of the Otto patent shows, not so mach 
changes in principle, as furtherance of the easy and 
practical action of the engine by overcoming mechani- 
cal difficulties. We shall deal with some of these im- 
provements, bat from the limited nature of this work 
only briefly, when coDBidering the varions organs of 
the gas engines and their improvements en regwme. 

Other Enghies of this Type. 
Belonging to this class of engine is the later form of 
Lenoir (which to prevent misconception we described 
at an earlier part of this book). 

C. Q. Beecliey (patent No. 1,818, of 1882) has in- 
troduced an engine in which it is endeavoured entirely 
to remove the products of combastion, after each ex- 
plosion and to regnlate the working by determining & 
partial vacuum behind the piston. 

J. Shaw (patent No. 6,178, of 1881) and C. WUden 
SlDg (patent No. 4,223, of 1881) provide the combos- 
tion-ehamber with walls of re&aotory clay. 

Martini (patent No. 1,060, of 1883) endeavours in 
compression motors to better utilise the expansion of 
the explosive mixture, by so arranging that the drawing 
in and compression of the explosive mixture is pro- 
duced hy a short portion of the engine stroke, whilst 
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expansion and the exhanst are accompliehed daring a 
longer portion of the stroke. 

In Wordsworth Ss Llndley's engine the cycle is 
characterised by the introdnction of a lost stroke of the 
pomp compressing the charge in the motor-cylinder to 
a mnch greater tension. 

Amongst the other English patents, that it is beyond 
oar scope to describe in detail, can be mentioned, as 
inclading improvements in this class of engine, those of 
Bickerton (1,368, of 1881); Clayton (4,075, of 1881); 
Fielding (5S2, of 1881); Fiddea (5,219, of 1880); 
HntohinBon (5,471, of 1880) ; B. HaJleweU (5,092, of 
1878) ; Jenner (3,607, of 1880) ; Linford (1,500, of 
1879; 2,990, of 1881); Samner (1,360, of 1882); 
and Watson (5,0S2, of 1879). 
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CHAPTER m. 

COMPBEBBION ENOnAia WITH COVFBEBSINa FUUP. 

WitUg and Hee's Ei^ine. 
This engine is eBBentially diBtiuct from the previous 
class, by the fact that instead of one cylinder serving 
alternately as working cylinder and pomp, it has two, 
each performing only one of these two functions. The 
engine is vertical, the two cylinders A. pnmp, B working. 
Fig. 42-45, are placed in a cooling-jacket C with which 
they form one casting ; the shaft D is above the 
cylinder and the bearings are an expansion of tha 
jacket, serving generally as a frame. It has two 
cranks, both standing in unison so that the pistons 
make stroke together. The latter F and E are con> 
stracted as plunger piston and so arranged that in the 
working cylinder a considerable combnation space ob- 
tains, about five eighths of the piston stroke. Both cy- 
linders are connected together by an outside pipe ; in 
this is interposed an aatomatie back stroke valve, kept 
closed by a spring. The engine works in the following 
manner : if the pump-piston is on the out-stroke from 
it lowest dead point, then it draws in the fresh com- 
bustible mixture, if on the instroke then it compresses 
the mixture. As soon as the tension is sufQciently 
high, it enters, through the back-stroke valve, into 
the working cyUnder, vhere it mixes with the remnant 
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combustible prodaets. If the pistons stand at the 
lower dead point, ignition follows, and the explosion 
closes the back-Btroke valve, and the combnstible pto- 
dacta expand in the working cyhiider, driving the piston 
up. On the in-stroke the piston presses the combustion 
lO'odacts oat of the engine. After it has performed 
about three fifths of its stroke, it closes the outlet and 
the remaining combnetion residaom is compressed. 
Immediately afterwards, the back-stroke valve opens, 
and the &esh mixture enters, as already stated, from 
the pump, so that daring the last part of the revolu- 
tion both cylinders commanicate, the contents of both 
cylinders mix in the working cylinder and are pressed 
together in common by both cylinders. 

The essential details are the following. The air 
enters the engine at a, the gas at & by a regulating 
valve V ,- the access is regulated by the inlet valve c. 

This is opened by an eccentric from the shaft ; it is 
usually closed by spring pressure and only opens when 
the eccentric, by means of the catch e, presses the 
spring together. The pipe /leads from the pump into 
the working cylinder; in it is intercalated the back 
stroke, valve g. This pipe opens into a slide box, the 
slide of which operates the ignition, throngh the 
conduit h ; this slide box is in connection with the 
interior of the cylinder. The outlet is regulated by 
the valve i, generally held closed by spring pressure ; 
it is governed by the shaft, and opened at the proper 
time by a cam on the shaft. The ignition Q has the 
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following ajTangemoni, (see eiIso Fig. 46). In the slide 
cover a flame, I, borna; in the slide itself the chamber 
m IB shut. If the slide stands in its lower dead point, 
then the combastible mixtnre flows throngh the snuill 
condoit n of the slide box into the chamber m, whilst 
throngh o air can enter. This mixture is United at 
the flame at the slide cover. If the slide is on the 
out-stroke, then the chamber m cuts off the connection 
towards I and o ; there boms in it, therefore, a mediat- 
ing flame, which strikes into the slide box and canses 
an explosion so soon as the chamber commonicates 
with the conduit h. In order, however, that the medi- 
ating flame should not be extinguished during the hack 
stroke, the feed foUows continuously through n. For 
this object n opens into the trough p sunk into the 
valve face, the trough eommunicating with the bore q 
of the slide. However, in order to regulate the feed 
suf&ciently and give the mediating flame the direction 
of the conduit k, there are two pins, r and «, standing 
opposite to each other. The flrst is hollow and serves 
only as continuation of the bore q ; the other is coni- 
cal in &ont and can be more or less moved forward, 
80 that therefore the opening of the first pin out of 
which the feed gas streams is more or less closed. 
The regulating is done b; a conic-regulator. In the 
older constructions this closed more or less a valve 
in the gas pipe ; it was also so sensitive that it almost 
always found itself in its extreme positions, that is, the 
valve was held quite closed or entirely open, yet the 
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arrangement (or the attainment of a mixtnie always 
equally combined was Icbb Boitable than that of Otto's. 
On that acconnt the latter arrangement is imitated in 
the newest engines of this system. 

The regulation valve v, nsnaUy held closed by spring 
pressure is, with normal action, opened with the en- 
trance valve c, nsaally by the cam; if the engine how- 
ever, goes too quickly, the regulator presses the upper 
rotary part x of the valve bar, and i, the catch oouse- 
quently does not hit it, and the valve remains closed. 
The engine thus receives either no gas at all or a fall 
load. 

That this construction, compared with Otto's, is a 
progress there is no doubt. The engine described, 
particularly with no load, is not quite so regular and 
uses somewhat more gas. 

Kortlng • Lleokfleld's Engine. This construction 
designed by Messrs. Korting, of Hanover, follows very 
closely the previous one, and is only essentially different in 
the ignition and regulating. We have here also vertical 
cylinders, one serving as pump, the other as working 
cylinder. Air and gas enter through a mixture valve, 
into the first, and are here compressed. The manner of 
working is essentially the same as previously explained. 
As concerns the ignition, the very simple arrangement 
is shown in Fig. 47. a is a hollow pin and below at its 
point at i is drilled a fine opening ; at e and d a ring 
of opening. This hollow pin is moved in the socket e 
attached to the working cylinder, bo that the point b 
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rises in the feed condait. The socket has corres- 
ponding openings before which the ignition flame 
boms. If the pin a stands in the position shown, it 
will be filled with combustible mixture during the feed 
period : if it, however, rises then, the mixture contained 
in it is ignited; so soon as it is free from the cam action, 
it is caused by a spring (not shown) to resume its 
first position, and causes the explosion through the 
burning mediating-flame contained in it. During 
the rebound the tension is equalised through the 
opening e. The arrangement is essentially more 
simple than the slider of Wittig and Hee, and works 
with perfect certainty and more regularly. 

The second essential peculiarity is the regulation : 
it is based upon the idea of altering the tension of 
compression of the mixture. This takes place through 
increase of the compression space of the pump. To 
this end, there is provided next to the pump, a hollow 
space, and this is placed in connection with it by a 
condait. This conduit is opened by the regulator when 
the engine goes too quickly. When the engine exceeds 
its usual velocity, the feed mixture is given less tension 
in the working cylinder, and therefore the working force 
is a little less until the regulator closes the connection 
between pnmp and hollow space. The idea, the basis 
of this arrangement is a good one ; the same end is 
attained here as in the Otto regulation ; namely equal 
combination of the mixture. On the other hand the 
ngine receives a weaker propulsion at each revolution, 
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whilst with Otto's, so long sb the regulator holds the 
gas valve closed, the engine experiences no propalsion 
at all. It would appear that the described arrange- 
ment in reference to the regnlarity of action mast be 
more favonrable than that of Otto. Whether the prac- 
tical result realieeB the object sought can only be 
decided by comparative experiments, which at the 
present time are not before us. 

Simon'B Engine. 

This is a steam-gas engine and appeared first at the 
Paris International Exhibition as an invention of 
Simon, of Nottingham. Fig. 46 representing it, 
embodies a somewhat later. construction ; however, it 
will serve only as an explanation of the idea; the 
engine is now built horizontally. 

A is the pump and B the working cylinder. The 
first draws in the mixture through a valve, a, com- 
presses it, and repasses it through the valve b, into the 
reservoir C. From this it reaches, by means of the 
slide c, into the working cylinder. In this a constant 
flame, d, bums in front of a wire net, which is to 
prevent the return stroke into the reservoir, and so 
operates that the mixture in the mass is ignited as it 
overfiowB. After a sufficient quantity of it has entered, 
the slide closes the inlet conduit, and the combustion 
products expand until the end of the piston lift. In 
the back action they are driven out by means of the 
slide d', into the open air through the worm e. 

This worm lies in a small boiler D. The combus- 
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tion products, still very hot, evaporate the water, 
and the steam generated is condneted through the pipe 
/, controlled b; means of the Bhde e, into the water 
cylinder, where it comes to the help of the gas mix- 
tare, and hghtens the oiling. 

The regulation is effected throngh simultaneona 
partial catting off of the entrance of gas and air, in a 
perfectly rational manner, hy means of the slide g, 
which is moved hy the hah of the regulator, formed to 
correspond, against which it bears hy the operation of 
a spring. 

It is observable that it is essentially distinct in two 
points &om the arrangement previoaely described, 
namely by the gradaal consumption instead of explo- 
sion and by the steam effect. 

The employment of steam is not new. Hngon 
appUed it when he injected water into the cylinder. 
He desired, thereby, to increase the output and 
diminish the oiling, an attempt entitled to praise. The 
expenditure of steam, instead of water, appears rational, 
because thereby the heat is partially regained, re- 
generated by the combustion products. It may he 
asked, however, whether it should be regarded as an 
appropriate object for the gas engine which has the 
direct aim to put aside the steam boiler, with all its 
evil accessories and dangers, again to resuscitate 
them. That the small industries would hke to be 
occupied with it, cannot he assumed. It also must 
not be forgotten that the attendance is essentially 
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heavieT, and the engine, as a whole, is conBiderably 
more complicated than with a mete gas engine. If, 
conseqaently, the first peculiarity of the Simon engine 
appears of questionable value, this cannot be said of 
the second. The introduction of the gradual eombas- 
tion in place of the explosion, is donbtlesB a progresiTe 
principle; there is only the qnestion of carrying out 
the end Boitably. Already Otto works by the introduc- 
tion of after combustion upon the idea of gradual com- 
bustion; and Simon's arrangement is nothing but the 
consequence of this. The more gradually the heat is 
introduced so much more time and opportmiity has it 
to change into work, and bo much less of it is turned 
into useleBS effect in the cooler. That we may do 
work with much less initial tension is not of much im- 
portance, but as a help, not to be despised. According 
to what has been brought forward, it is not without 
reason to regard the Simon engine as valnable in the 
future ; the question only is whether the difficulties to 
develop the idea are to be overcome and whether, 
perhaps, there may not be other unfavourable working 
conditions. This can only be determined by many 
experiments, which, in the interest of small induBtries, 
we wish all success. 

Dogald Olerk'B Engine. 
To tliis time the best-known engine of the type repre- 
sented by this snb'division of compresBion motors is 
perhaps that of Dugald Clerk. We shall first describe 
thlB engine and then, in as nearly as possible the in- 
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ventor'B own words, diBcass the views that led him to 
the design. Suhseqnentlj in another chapter we shall 
give the somewhat opposed views of M, Witz, as to the 
most economical action of a gas engine. It must be 

. borne in mind that we endorse the views of neither 
the one nor the other. Althoagb this sabject is by no 
means a new one, yet the theory has to be established 
and at this stage the honest writer can do no more 
than present eqtially the argnments advanced. 

The cycle of this engine is as foUowe, for one tmm of 
the shaft. As regards, first, the pninp cylinder, the 
crank of this cylinder is set on the shaft 90° in ad- 
vance of the driving crank. The pnmp, doriDg the 
coarse of the out-stroke of its piston, draws in the 
volume of explosive mixture of air and gas necessary 
to actuate the oat-stroke of the driving cylinder ; and 
an eqnal volame of air is drawn in that is not to mix 
with the explosive mixtore at all. During the in-stroke, 
there is expelled, first, the air not mixed with the 
explosive mixtore ; second, the combastibte products 
remaining nnexploded. 

During the out-stroke of the driving cylinder there 
occors the explosion of the compressed mixtore ander 
nearly constant volame ; the expansion; exhaust of the 
products of combnstion. Daring the in-stroke, there 
occors the ends of the exhaust, and the clearance of 
the cylinder by air from the " displacer," the piston of 
which is at the middle of its back-stroke when that of 
the driving cylinder is commencing its stroke. The 
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exhaast is then closed, and compression of the mix- 
ture takes place in the motor cylinder and in the 
explosion chamber, during the first half of the back- 
stroke, by the displacer. 

The distribntion of the air and gas mixture has to 
be considered from two points of view as occurring in 
the pomp cylinder and also as occtirring in the motor 
cylinder. 

In the pump cylinder, during the oatstroke, aspira- 
tion oecors, (1) of the mixture, (2) of the air juxta- 
posed to the mixtore. 

(1). The gas is drawn in by the tube g (Fig. 49.), 
throngh the lighting chamber j, the conduit g, the 
valve m, and the tube p'. The air mixes with the 
gas around the valve m, arriving at p', perfectly 
mixed. The mixture enters the displacer cylinder 
by an annular orifice p". 

(2). The aspiration of the air to be superposed 
upon the mixture, oceors towards the middle of the 
out-stroke of the displacer piston, and at the com- 
mencement of that of the motor piston, when the 
elide closes the orifice g', and the aspiration of the 
gas. Air alone is then drawn in. 
During the in-stroke of the pump piston, the motor 
cylinder is cleared, of (1) the air juxtaposed on the 
mixture during the first half of the back-stroke of 
the displacer piston and during the second half of the 
out-stroke of the motor cylinder, through the tube p', 
valve A, and light chamber I', into the combastion 
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chamber of the motor cylinder. Thia air clears before 
it the prodncta of combastion. (2) Of the exploeive 
mixture by the aame wa; as the air, during the second 
part of the bacb-atroke of the displacer piaton and 
the firat part of the back-stroke of the motor piston. 

In the motor cylinder the following takes place : — 

(1). On the oat-stroke — lighting, explosion of the 
miztore, compressed in the explosion chamber &nA 
preceded by a thin layer of pnre air, or at least by a 
layer of air poor in gas. Expansion. Exhaust by 
the openinga e, uncovered by the piaton towaxds the 
end of its atroke. Admission of air from the displacer 
by A. 

(2). On the in-atroke — end of the exhanst and the 
deajrance of the products of combustion by the air of 
the displacer. At midstroke, ail the mixture is ad- 
mitted into the explosion chamber and into the 
cylinder. Compression of the mixture, the valve A 
being closed. 

For the regulation of the admisaion of gas to the 
conduit g', a spring bar is connected by a tappet to the 
slide, by which it is guided. 

The ignition is effected, by the carrying in the slide, 
of a flame under presaare. The passage I', communi- 
catea with the base of the combastion chamber, and 
receives the explosive mixture by the openings and 
conduits to be foand in the Figs. 49 and 60. 

Details as to the working pressures and tempera- 
tares of thia engine will be fotmd desoribed in the 
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chapter devoted to the iiiTetitor'a theory of the gas- 
engine. 

Other Kn^nes of this Type. 

In Livesay's engine (patent No. 117, of 1880, and 
No. 2,299, of 1880) the compression reservoir has 
no piston for compression purposes. 

In Tamer's engine (patent No. 3,182, of 1880, and 
No. 862 of 1882) of this type also, the compression 
cylinder is dispensed with by different arrangement of 
the two cylinders -which are alternately motor and 
auxiliary cylinders. 

Besides other engines, James Atkinson has intro- 
dnced a three-cylinder engine, the front face of the 
piston of which compresses the detonating mixtur&into 
a tnbe reservoir, small enough to avoid danger of explo- 
sion and to be sensitive to the action of a regulator. 
The mixture compressed at the front facea of the 
pistons, which run parallel, is distributed to the rear 
of the pistons by a circular slide valre. 

All of Atkinson's motors present novelties of igni- 
tion, regulation, and distribution, that we regret it is 
beyond the scope of this work to consider. The patents 
are Nos. 4,086, of 1881 ; 4,378, of 1882; and 4,388, 
of 1882. 

In Robso&'s engine (patent No. 645, of 1883), and 
in that of C. H. Andrew (patent No. 8,066 of 1883) 
the piston rod has a piston at each end, respectively 
working pump or motor piston. 

( engine (Pigs. 51 to 54, No. 132, of 1883), 
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preBeuts man; novelties, both as regaida its cycle and 
details. 

The operation of the engine is as follows : — A suit- 
able pipe for the snpply of gas' being connected to the 
pipe O and to the burner g the machine is turned one 
rerolntion by hand ; the air is compressed in the 
chamber U, and the air and gas mixed in the chamber 
a enter eqoally in saCh a manner that there will be in the 
space XT a pressure of gas and air of abont 4*20 kilo- 
grammes per square centimetre. As the machine con- 
tinaes to torn, and the piston approaches the end of its 
stroke, the slide-valve L is moved by the eccentric into 
sach a position that the dame enters at K and canses 
the explosion of the charge. The explosion impels the 
piston forward, and at the same time compresses the 
air on the opposite side of the piston (Fig. S2) into the 
chamber S. When the piston is abont 25 millimetres 
from the other end of its stroke, the head of the rod 
comes in contact with the small lever G, and thereby 
opens the large exhanst valve which permits the resi- 
dnes of the explosion of gas and air to escape. As the 
piston continaes its forward movement, it passes the 
apertures T, and the air which has been compressed 
into the space S passes through these aperture^ and 
forces ont of the cylinder, by the exhanst pipe, all the 
gaseous prodacts of the explosion, and fills the cylinder 
with pure air. The expansion of the air by the heat 
Bofficiently augments its volume, not only to expel the 
gas residues, but also to cause a certain quantity of pure 
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air to flow throagh the exhaaat apertore. On its lotom 
stroke, the piston passes the holes T, draws in a £resh 
charge of air by the apertores B, and when it has 
closed the holes T, the exhaast-Talve D is closed ; at 
this moment the cam W is in contact with the friction 
roller X, the piston of the gas pnmp is impelled rapidly 
forward, and the contents of the chamber a are forced 
into the cylinder. The piston B retoming in the 
cyhnder compresses the air and gaa in the chamber U, 
and the flame being brought into contact with the gas, 
the charge is exploded and the piston performs its for- 
ward stroke as before. The piston of the gas pamp is 
cansed to perform its outward stroke by the action of 
the spiral spring b, which holds the friction roller X 
against the cam. When, moreover, the engine is work- 
ing slowly and the cam occnpies on the shaft snch 
s position that it is brought in contact with the Miction 
roller X, the piston of the pomp is returned suddenly 
to the bottom of its cylinder at each retom stroke of 
the machine. But whenever the speed of the machine 
becomes sufSoiently great for the centrifugal force of 
the weights to move the spring i outward, the cam W 
comes into such a position that it no longer touches 
the roller X; this position is represented in Fig. 51. 
When the speed diminishes, the spring i by its pressure 
upon the lever I, forces the pin p inward and causes 
the cam to slide upon the shaft until it comes in con- 
tact with the roller X ; a, fresh charge of gas will thus 
be forced into the cylinder, 
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In a gas-engine, it is necesBary, in order that no ga» 
Bhall be lost, to regulate the machine rather by the 
namber of the explosions than by their force, becans& 
a less proportion of gaB wonld not piodace an explo- 
sion. The proportion of air to gas sbonld be abonfe 
ten to one. This qnantity may, moreover, be varied 
from five to fifteen, and if it is desired to obtain great 
regularity of the motor, the cam W may be made of 
different layers or plates, so that while doing less work 
the machine may be supplied with less gas. The 
capacity of the cylinder a is, moreover, considerably 
greater than is necessary whatever be the amount of 
gas employed ; bo that there is a margin for the regu- 
lation of the machine. The cylinder of the pump will 
be entirely filled at each stroke, but the entrance of 
gas can be regulated by means of a co&k, having an 
index, fixed on the pipe 0. It is obvious that, with a 
copious supply and a .great pressure of gas in 0, the 
air valve P would not open, and that the cylinder oi 
the pomp would be filled with gas only, at each stroke. 
If, moreover, the cock at were partially closed, the 
gas could not enter rapidly enough to fill the cylinder 
when the movement of the piston vras effected rapidly 
in such a manner that it would produce a sufficient 
suction to open the valve 7 which closes the air passage 
F. If air equal to half the amount of the charge is 
sufficient to produce the maximum explosive effect, 
then the cock at should be sufficiently closed to allow 
the half of the contents of the pump to be drawn in 
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at P. In Fig. 54 it will be observed that there are two ■ 
Talves placed one above the other, and that in every 
case the aspiration caases the raising of the valve 6 
and the valve 7, if is closed, bat not if is open. 
The mixtnre of air and gas^vrill he more effectual if a 
small quantity of air is mixed with the gas before it 
urives in the exploding cylinder. 

When the piston moves forward and passes the holes 
1 the air which has been compressed in S passes into 
the cylinder, as above stated. As soon as the piston 
has passed these holes on its return stroke, the com- 
^ssion commences in the cyUnder. At the same 
moment the gas and air are forced in at the other end 
of the cylinder, and before the gas and air have time 
to become intimately mixed, they are compressed and 
ignited. At the moment of the explosion there is a 
layer of compressed gas and air at the left-hand end 
of the space U (Fig. 52), and a layer of pare air 
against the piston B ; the explosion at the left-hand 
end forces the air towards the right, and produces a 
high preBsnre with a much smaller consumption of gas 
than if the gas were mixed with the whole volnme of 
air, because gas which would produce an explosion 
while occupying only one-third of the space V, 
Tonld not explode if mixed with the fvhole of the air 
contained in the cylinder. Great economy is thus 
effected. By completely surronnding the cylinder by 
the air space S, a large number of holes T may be 
made, so that the residues of the gas may be com- 
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pletely expelled from the cylinder whilst the motor 
performs one-twelfth part of its atroke. ' By giving to 
the connetrtiug rod a relatively small leiigth, the time 
occupied by the piston for its return stroke ia aug- 
mented BO that the exhaust valve remains open daring 
a ctmsidrarable time, vhilBt the machine only makes 
one-twelfth of a stroke; the time during which air 
may' enter is augmented accordingly. The forward 
stroke of the machine ia also rendered more rapid by 
the employment of a short connecting rod in such a 
manner that the piston moves rapidly, and does its 
work before the gas can cool and diminish its preaamre. 
The air necessary for expelling the foul gases from the 
cylinder is drawn in by the apertnrea B. These aper- 
tures are closed by clack valves of ordinary construc- 
tion, opening freely inwards, but preventing any egress 
of air. The space S is of such size that the pressore 
at the end of the stroke will not exceed 0*850 kilo- 
gramme per square centimetre. The water casing is 
not cast with the cylinder A. The joint which con- 
nects them is sHghtly conical, in order to ensure its 
being tight. The rocking shaft m ia forged in one piece 
with the arms 8, and is held against its bearing by the 
action of the spring ft. If during the working of the 
machine, the governor forces the cam W inward, and 
it comea in front of the roller X, this spring yields and 
the shaft m ia forced inward, so that when the cam has 
passed the roller X, the spring forces hack the abaft 
and causes the roller to engage with thd cam W. 
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It mil be seen that when the machine is not charged, 
or is working lightly, the action of the goremor will 
caoBe the said machine to loae a stroke, that is to eay, 
to make one stroke without effecting any work. The 
gas not entering, no explosion will occor. 

The flame which causes the explosion of the chai^ 
is admitted to the cylinder in the following manner : — 
^e action of the eccentric mores the sUde-Talve L 
forward until the space M (Fig. 53) coincides with the 
apertnre /. The draught of the chimney then draws 
in air at / whilst discharging at M all the gases which 
have been exploded. 

The lower extremity of the ohinmey is rednced in 
diameter to prodace a dranght at this point. When 
the chamber M coincides with the apertnre /, a part of 
the gas contained in the chamber M is drawn into the 
ohinmey ; this portion of the gas is ignited, and the 
eccentric pushes back the slide-Talve and closes the 
apertnre /. In order to ensure that the gas in the 
chamber M shall not be extinguished, the chamber d 
is employed, which not only supplies gas to M, bnt 
aagments the pressure at this point in such a manner 
that when it is opened to . E the flow of the gas is not 
BO rapid as it would otherwise be. 

There is a small hole c through the slide-valve L, 
and another hole e, and the space between tnese holes 
is a little great&C than the hole communicating with 
the chamber d. When the hole c passes d, the explosive 
gas flows through c and flUs d with gas at the same 
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inresaare as that in K. When the Blide-valve is moved 
forward it closes e and opens e, the gas compressed 
into d then enters through the port e into M, and as it 
is of an explosive nature, it does not require oxygen to 
be supplied to the flame ; before this flame is extin- 
guished, the slide-valve L moves forward imtil M is in 
commnuication with K, and the explosive gas entering 
is ignited and the explosion occurs. If necessary, a 
small groove may be cut in the elide-valve L, so that a 
small quantity of gas may escape &om K into M, 
whilst M is in eommanication with / and the chimney. 

Oil may be supplied to the cylinder with the gas and 
air through the admission valve I. The oil-cup may 
be of the kind usually employed in steam engines, and 
may be connected with the passage between 6 and 1. 
The metal tube 2 is rendered tight at its extremities by 
means of sciew-nats. The long screw-thread at one 
of its extremities permits of its insertion. 

The spiral spring should have considerable elastic 
force, and should be compressed by the screw so that a 
pressure of about 6*30 kilogrammes in S-wiU be neces- 
sary to open the valve. The object of employing a 
Safety valve upon this engine is to prevent too great 
pressure in the cylinder, in case an accidental explo- 
sion in the cylinder should take place whilst the charge 
is being compressed and the piston is moving against 
the charge, instead of in the other direction. 

The standards are of cast iron and are provided with 
bearings of anti-&ictional metal ; the admission valve 
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I has a long rod vbich extends through the bottom of 
the cylinder; this valve is kept closed hy a spiral 
spring k. Leakage arotmd the rod of this valve is pre- 
vented by means of a cap which completely encloses 
the spring and the valve. 

Brass should not he employed for the heated parts 
of an engine, they shoold either be made of cast iron 
or of steel, the double stop valve should, however, be 
of brass. The friction roller should be of steel con- 
nected to the arm by means of a steel pin, and the arm 
should be firmly keyed to the rocking shaft m. The 
spring F should be of considerably less strength than 
the spring E in order to allow the valve I> to be 
closed. 

The gas engine of C. W. Siemens is distinguished 
by the employment of a regenerator or economiser of 
heat, also of a dilFerential piston, and of a method of 
^nition permitting of working with gas mixtures of 
lower inflammability and less richness than possessed 
by ordinary detonation mixtures. 

In the specification of a previous patent to which 
we shall presently refer, No. 2,504 of 1881, C. W. 
Siemens described a form of gas motor engine in which 
a shielded, differential piston forces by its down-stroke 
a combustible mixture of gas and air into a receptacle, 
whilst a charge of the mixture from the receptacle 
enters the cylinder above the piston and is ignited and 
bums therein, expanding in volume. A later invention 
relates to means of ensuring the ignition of the gaseous 
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charge, particala^ly when a mixtme of low comhtiBti- 
bility is employed, and to a modified form of engine in 
which, instead of a gaaeons combaBtibla miztare, air is 
employed, either with a slight admixture of combustible 
gas or water vapoor or without such admixture. 

For the purpose of ensuring ignition of the gaseons 
mistore entering the cylinder, a portion of the entering 
charge is caused to become enriched by the addition to 
it of combustible gas or vapour nnmixod or partially 
nnmixed with air, so that this portion of the charge is 
readily ignited, and communicates ignition to the rest 
of the charge which is less rich in eombnstible matter. 
According to one method ia provided a cock or revolving 
slide moving in time with the engine shaft ; a cavity in 
this cock 01 Blide at one part of its revolution receives 
a sapply of combustible hydrocarbon liquid, preferably 
of a volatile kind, from a supply vessel connected to 
the cock or slide by a pipe. At another part of the 
levolation of the cock or shde, that is to say, at the 
time when the charge begins to enter the cylinder, the 
liquid contained in the cavity is presented to a current 
of a portion of the gaseous mixture or air on its way 
to the cylinder and mixes therewith, enriching it ; and 
this enriched current then passing electrodes furnishing 
a spark, or a platinum wire rendered incandescent by an 
electrical current, becomes ignited, and ignites the re- 
mainder of the charge, which passes separately into the 
Oylioder heated by its passage through the regenerator. 
- ' A vessel e(mtaining a supply of hydrocarbon oil^ 
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protetalbly ot Tolatile character, is raised above the 
engine, and from this vessel, pipes lead to two cocks, 
one for each cylinder, these cocks being caused to revolve 
in time vith the engine shaft by a chain commnnicat- 
ing motion from a chain wheel on the engine shaft to a, 
chain wheel of equal size on the spindle of the twO' 
oocke. The ping of each cock has on its side a small 
hollow, which daring one part of its revolution presents 
itself under the oil pipe and receives a charge of oil ; 
during another part of its revolution, which is timed 
to cOTrespond with the flow of gaseons mixtnre to the 
cylinder, the hollow of the plog presents itself to the 
bend of a pipe leading &om the top of the cylinder to 
a port opening in the cylinder below the regenerator, 
in 'Which port are sitoated two platinum wires. These 
ynx9B are connected with the brashes of a commutator 
on the engine shaft, which commutator is in electrical 
connection with the poles of a battery, dynamo-electric 
machine, or other soarce of electricity. Instead of 
iwo wires to produce a spark, a single wire may be 
arranged to be kept incandescent, or to become incan- 
descent at the proper time for ignition. 

According to another method, there is worked £roni 
ihe piston of the engine the plunger of a pump, which 
forces combustible gas unmixed with air into a recept- 
acle; a portion of this gas is caused to enter the 
cylinder along with a portion of the mixture of gas and 
air, enriching it, so that it is ignited as above de- 
scribed. The gas pomp may have its snotion and 
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delivery governed by tlie Bame revolving slide as. that 
which governs the supply and discharge of the engine, 
and the passage of gas from the receptacle of the pomp 
to join the current of gaseous mixture entering the 
cylinder is governed by a valve which is opened by the 
pressure of the entering current acting in opposition 
to a spring on a piston connected to the stem of the 
gas valve. 

In the modified forms of engine, heat is imparted to 
currents entering the cylinder by a regenerator supple- 
mented by jets of combustible gas or vaponr which 
may be previously heated, and which intermingle within 
the cylinder with the current of compressed air heated 
by its passage through the regenerator. Or according 
to another arrangement, the compressed air on issuing 
from the regenerator is further heated by one or more 
jet furnaces of the following kind : — In the upper part 
of the cylinder is a deep cup projecting donn into the 
cylinder, in this cup is burnt a gas flame. The pro- 
ducts of combustion ascend an outer pipe heating the 
air supply pipe on their way to a chimney. Snrround- 
ing the cup and supported on a grating made in one 
piece with the cup, which is preferably made of copper 
or other well-conducting metal, is arranged an annular 
regenerator, the lower part of which is thus heated by 
conduction. The engine operates as follows: — The 
annular piston in its up-stroke draws in air alone, which 
in its down-stroke it delivers into the receptacle. A 
charge bf air &om the receptacle is admitted to the top 
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of the Cylinder, and, entering it thronghthe regenerator, 
is heated in its passage, and becomes still farther 
heated by contact with the heated cap, thus expanding 
in Tolrane and propelling the piston downwards. By the 
np-stroke of the piston the air which had performed 
work is expelled through the regenerator, giving up in 
its passage a large portion of its heat, which is avail- 
able for heating the sncceeding charge of air entering 
the cylinder through the regenerator. The air thus 
discharged operates as a blast in the chimney, thus 
causing a draught, by which the combustion in the cup 
ie rendered more active. For engines of small size a 
single cup with its gas and air supply pipes suffices, 
but when the cylinder of the engine is of considerable 
size, instead of a single cup with its adjuncts, several 
cups are employed, thus subdividing and enlarging the 
heating sur&ce. 

The arrangements described for heating the cylinder 
■ (sharge in and after its passage through the regenerator 
are obviously applicable in engines of other forma. 

The latest engine designed by Sir C. W. Siemens, is 
more notable for its theoretically perfect plan than for 
any practical results that have as yet been attained by 
it. It is very simple and should be productive of 
highly efficient results, but it is observable that the 
highest results have not always followed the best theo- 
retical design, particularly in gas-engines. 

The engine comprises two motor pistons, the cranks 
of which are set at 180°. Distribution is effected by a 
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single hoUoir slide, reToIving sjiudironoiisly vntb the 
motor shaft. 

The cycle of these cylinders is the following: — 
During the ont-stroke the piston aspires the detonating 
mixtme at the same time that it clears oat, hy its 
outer face, the prodacts of its preceding explosion 
through a regenerator, and finally into the exhaust. 
During the in-stroke the piston clears out by its 
interior face the mixture drawn at the preceding stroke 
through the slide. Thence the compressed mixture 
passes to the compression reserroirs. At the same 
time the outer &«e of the piston receives through the 
regenerator the compressed mixtnre which is ignited, 
and exerts an effect proportional to the difference of the 
tffo faces of the piston. Each of the pistons gives an 
explosion per revolution. The ignition is effected by 
the action of an electric spark on a very inflammable 
mixture, obtained, as previously described, by the use of 
liquid hydrocarbons. 

8ir G. W. Siemens, in a discussion on a paper read 
by Mr. Dugald Clerk on the " Theory of the Gaa- 
Engine," before the Institution of Civil Engineers, has 
said, " he had &om time to time given a great amount 
of consideration to the action of negative combustion 
or dissociation. It was well known that by combustion 
no u nl imited degree of temperature could be attained. 
Thus, in a furnace worked at very high temperature the 
fuel was not completely burned when it came in con- 
tact with the oxygen of the heated or non-heated air. 
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Ihe moment a eeriain comparatively high temperatnre 
was reached the CEubon refased to take tip oxygen, or 
the hydrogen refused to take oxygen, and what had 
been called by Bonsen and, shortly afteir by St. Chure 
Deville, dissociation arose. The point of diBsooiatjon 
was not a fixed one; partial dissociation came into 
phiy at a comparatively low temperatnre, and went on 
increaBing at a high temperatnre in very mnch the 
same ratio as vapour density increased with tempera- 
ture. Thas, if aqueous vapour were passed through 
a tube at a suficient temperature the whole of 
the vapour would be separated. It might be that 
the determinations of St. Claire Deville were not 
quite correct, bnt in the meantime they might he 
regarded as being so. He found that at atmospheric 
pressure the point of half dissociation of aqueous 
vapour arose at a temperature of 2,800° Centigrade, 
and thai of complete dissociation at a much higher 
temperature. Taking that law as determined by the 
French philosopher, it did seem reasonable to suppose 
that when a mixture of hydrogen and oxygen, with or 
without a mixture of nitrogen, exploded, the point was 
reached beyond which the temperature did not increase, 
and that point was 1,500° Centigrade. If such a 
temperature was reached in the working cylinder com- 
plete combustion would not take place immediately, 
bat only partial combustion would occur, which would 
go on as the temperature dimimshed by absorption into 
the cylinder or by expansion, and that oombostion 
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■wonld be completed only in the conrse of the stroke. 
With reference to the early engine which waa con- 
stracted in 1860, it combined other elements, which 
were entirely wanting in the gas engines of the present 
day, and taking either of the three types, it was, in his 
opinion, in the condition of the steam engine at the 
time of Ne-wcomen. The fuel was bnmt in a cylinder 
which it was attempted to keep cold by passing water 
over it, and it was easy to see tba.t the heat so gene- 
rated, was only partly ntilised for maintaining the 
state of expansion of the heated gases, the cold sides 
of the cylinder, taking a good half of it away at once, 
thns causing a great loss. Then, there was another 
palpable loss in these engines. After expansion had 
taken place, after half the heat had been wasted in 
heating, a cylinder which was intended to be kept cool 
in order to allow the piston to move, the gases were 
discharged at a temperature of 1,000°, or in the best 
types about 700°. That amoont of heat, representing 
in one case one-half and in the other two-thirds of the 
total generated, was thrown away. This was heat 
which could be saved and made nseful. Instead of 
commencing the combustion at a temperatnre of 60°, if 
the heat of the outgoing gases were transferred to the 
incoming gases, combastion might commence at a tem- 
perature of nearly 1,000°, and the result would be a 
very great economy. In the engine which he con- 
structed in 1860 all those points were fully taken into 
account. The combustion of the gases took place in a 
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cylinder mthoot frorking a piston, and in a cylinder 
that could be maintained hot, and the gaseB, after 
having complete expansive action, commnnicated their 
heat by means of a regenerator to the incoming gases 
before exploBion took place. Althoagh the engine waa 
not worked with ordinary gas osed for illnmination, 
bat by a cheaper kind made in a gas prodncer, he then 
thought that a gas engine constructed on that principle 
would prove to be the nearest approach to the theo- 
retical limits which conld never be exceeded, but which 
might exceed the limits of the steam engine foor or five 
fold. The engine promises to give very good results." 
The great advantages afforded by the cycle of this 
class of engines have led many inventors into the field; 
we give here the chief English patents, in the order of 
their date. 

Q. W. Weatherhogg, 8972, of 1878. MiUs and 
Hale7, 5052, of 1879. H. Bobinson, 117, of 1880. 
3. B.Parsell, 3869, of 1810. 0. Beeel^, 4270, of 
1880. K. Rider, 4419, of 1880. E. Edwards, 1765, 
of 1881. L.H.Lncas, 3527, of 1881. J. Butcher, 
3786, of 1881; 1835, of 1883. W. Watson, 4608, of 
1881; 6214, of 1882. C. Tonkin, 5201, of 1881. 
H. WiUiams, 5456, of 1881. C. Emmet, 397, of 1882. 
Ha^ and NnttaU, 614, of 1882; 2517, of 188S. 
Wordsworth and Lindley, 703, of 1882. J. Fielding, 
994, of 1882 ; 3070, of 1883. Drake and Muirhead, 
1717, of 1882. Woraam, 2126, of 1882. O. Belssel, 
8435, of 1882. J. Woodhead, 21, of 1883. W. Hale, 
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2192, of 1883. De Kabath, 999, of 1883. D. HUe, 
3135, of 1883. H. Boll, 5113, of 1883. Flokerli^ and 
Hopbins, 6406, of 1888. Griffin, 4080, of 1883. 

GoupoUKD Engines. 

The application of the principle of successive expan- 
sions of the active flaid in steam engines presents so 
many economical advantages as to have led inventors 
to seek simiLar advantages in the case of the gas engine. 
But the anEdogy is scarcely practical, because of the 
greater loss by radiation in the case of the gas engine. 

Otto's Compound Oas Ei^ine is compounded by the 
addition of an expansion cyUoder to the inventor's 
double cylinder engine. The patent is No. 245, of 
1879. 

Other engines of this type have also been patented 
by D. Clerk, No. 4948, of 1882 ; P. Niel, No 1026, of 
1882; Wordsworth and Lindley, No 3568, of 1883. 
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CHAPTER IV. 

THEOBY 07 THB GAS EHGINB. 

Is the previotiB part of this work we have described 
the different forms of gas engines, and dealt with them 
from the mechanician's standpoint ; we now come to 
consider the nature of the working floid, its physical 
and chemical changes and its thermodynamie rela- 
tions. 

The working Said consists of a miztore of inflam- 
mable gas and air, generally the ordinary iUnminating 
gas is employed ; bat in works where large gaantities 
of gas axe required as a motive power, an atmospheric 
or non-iUnminating gas, sneh as that made in a 
Dowson gas prodacer, is mannfactnred for the 
pnrpose. 

The composition of ordinary gas varies in different 
places, and with the description of coal nsed in its 
manufactnre. We give the following analyses : — The 
first of Maacbester gas by Bousen and Boscoe ; the 
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second is the mean of several analyses, hy Hmnpidge, 
of London gas. 



Volumes. 


(■) 


M 


HjdB>g«n(H) 


. 4S-SS 


47-83 


MarA 0«s (CH.) ... 


- 34'90 


36-94 


Carbonic Oxide (CO) ... 


. 6-64 


S-27 


E%1»..(C^,) ... . 


. 4-o8 


7-0! 


Bttjlens, (C,H,) ... . 


. 2-38 




■29 


— 


Nitrogm 


. 2-46 


S-29 


OailMmio Acid 


• 3-67 




Oiygen(0) 




•56 



100 i04'9i 
In the second case the extra volnmes are dae to all 
the heavier hydrocarbons C„ H^n being reckoned in the 
form of ethylene. 

Ghisgow and Edinborgh gases are richer in the 
heavier hydrocarbons, and consequently per onbie foot 
yield more heat on combustion. 

We proceed to calculate the heat evolved from the 
Manchester gas. The oalcnlations are more readily 
effected in the decimal .system; we shaJl afterwards 
give reduction factors, where necessary, to convert the 
results into the irrational system still in use by 
English engineers. 

taking one hondred litres, as the volume of gas 
employed, we find the weights in grains, to be as 
follows : — 

Tola. Weight of I Litre. GrmB. per 100 titre*. 
H 45*58 X '0896 X I = 4-08 
CH, 34'90 X '0896 X 8 = 3502 
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VoIb. 


We 


ightof I 


ntre 


Qnm. per loo Litres. 


CO 


664 


X 


■0896 


X 


14 = 8-33 


CA 


4-08 


X 


■0896 


X 


14 = S-" 


CA 


2-3& 


X 


■0896 


X 


j8 = 597 


BH. 


•29 


X 


•0896 


X 


17. = 0-44 


N 


2-46 


X 


•0896 


X 


14 = 3-08 


CO. 


3-67 


X 


■0896 


X 


22 = 7-24 



The amoimt of oxygen jast theoretically necessary 
lor the complete combostion of the one hondred litres 
may be found from the foUomng chemical eqnationB. 



0, 

3 vols. 



0. 
2 toIb. 

6 vols. 
6 0, 

I3T0lS, 



2 H, = 2 OH. 
4 Tols. 4 vols. 



2 OH. + CO, 

4 Tols. 2 Tols. 

a CO. 
4 ToIb- 

C3. = 2 OH, + 2CO; 
■ Tola. 4 TOls. 4 vole. 

4 OH. + 4 CO. 
8 Tola. 8 vole. 

3 OH, 

4 Tola. 



+ 2C0 = 

4 toIb. 



2 toIb. 
. 2SH. 

4 7018. 



6to1s. 
Whence we find that the 



CH, 
CO 
Cfi, 



Litres of 0. OH, CO, 

H win reqaiie 2379 prodmung on eomboBtion 45-58 — 

69'So „ „ 79'8o 34*90 

3'3z » » — 6'64 

12-24 „ „ 8-i6 8-i6 

M'"8 „ „ 9-52 952 

— 3*67 



122-87 



143-06 62-8 
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The aamber of nniis of heat reckoned in gramme- 
degrees 0, evolved by the complete oxidation of the 
coal gas constitnentB is as follows : — 

Heat in water-gramms-degraeB. 
One gramme of H evoIveB 34"i8o 
.. » CH, 

« c^, 

» » C,Hj 

„ CO 
Whence we obtain irom the 

H 4'o8 X 34* I So 

CH, 25*02 : 

CO 8-33 ; 

C^, 5-12 : 

C.Hb 5-97 ; 

6i6'i94 
The oxygen need is obtained from the air, and is 
hence mixed with inert nitrogen, air consisting in the 
one hundred vols., of twenty-one vols. 0., and 
seventy-nine Mj and to supply the necessary 123 
litres of 0, S86 litres of air containing 462 littes of 
nitrogen mast be nsed. 

Thus before combustion we have ; 

100 litres of gas, and 5S5 litres of six. 
After combastion : 

Idtrea. Gruames. 

Water i43"o6 ii5'36 

CO, 62*89 ^23-97 

N 464-46 S85"4i 

670*41 
And 616-194 gnuome degrees of teat. 
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It 'nil! be observed that referred to the eame preasore 
and temperature, the 686 vols, of gas and air are re- 
dnced to 670 b; the oombuBtiou; the condensation 
is practically negligible. 

A certain amoant of the heat is absorbed in main- 
taining the 'water in the gaseous state, this may be 
estimated at 68,220 gramme-degrees for the 115,086 
-•ammes, leaving 548,000 gramme-degrees of heat. 
Nov the temperatore to vrhieh the resultant gases 
ate raised, depends upon their specific heats, which it 
' was formerly supposed did not vary -with the tempera- 
ture ; recently (1881) however, Mallard and ChateUer 
have published results of their experiments proving ' 
that there is considerable increase lq the specific heats 
of gases at high temperatures, though the rate of 
increase diminiBhes with the temperature. 

The exact formulse they deduce referred to molecular 
volumes aie the following : 

Mean Spbguig Esat at conbtaht vol. = C. 
For CO,— 

= 6-3 + '00564* — 'OOOOOI98P 
For OH.— 

C = 5-91 + '003761 — '000000155 f 
For H. N. 0— 

= 5 -I- '00063 1 
Whence the mean specific heats for unit weights are 

as follows : 

2000" 14Q0'? 1300' laoo" 

OH. -712 -61 -58 .57 

CO, '301 '37 '27 -26 

N '222 '21 '21 -20 
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The temperature attained is calculated from — 
, _ heat d isengftged 

S weight of constitaents x specific heat. 

... t = 548-O00 

iiS'3<5 X 712 X 12397 X -301 + 585-41 X -222 
= 2197" cent. 
The pressure of a volume of gas, when the volume is 
kept constant, is proportional to the absolute tempera- 
ture ; thus the pressure in atmospheres is 

P 2470 _ 2470 , , 

^ = -^ ; or P = I X — = 9'OS atmospheres. 

Supposing that instead of exploding the gas 'with 
just so much air as contains the theoretical amount of 
0, needful for complete combustion, we need gas and 
air in the proportion of seven to ninety-three, we 
should find, on the same hypotheses of instantaneous 
inflammation, absence of cooling, and constant volume, 
that the temperature attained by the gaseous mixture 
after combustion, would be 1288° C, and the pres- 
sure 6-7 atmospheres. 

We will now consider how far we have to modify 
these figures for practical use, owing to the non- 
realiaation of the above hypotheses. 

First as to the rate of inflammation. 
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CHAPTER V. 

BELATIVE BFEED OP OOUBOSTION IN GASEOUS BXPLOBITE 
UIZTDBEB. 

We shall here qnote in extenso the researches of 
Berthelot and Vielle as given in the "Oomptes Bendns 
da I'Acadeinie dee Sciences," Vol. 98, on the relative 
Bpeed of combustion in gaseons explosive mixtores, as 
affording the moBt valuable information of a tml; 
practical and experimental character. In the conrse of 
their experiments, these authors have taken care to oh- 
Berre, each trial, the time necessary for the pressore 
developed during the explosions at constant volume to 
attain its maximnm. This observation is registered in 
corves. The inequality of these times is most impor- 
tant ; in fact, the maximum pressure observed in a 
given volume is always less than the pressure 'which 
would be developed if the system maintained all the 
heat due to the reaction ; for there is always a loss, 
owing to contact of the envelope and to radiation. 
The difference is inversely proportional to the volume, 
that is, aa the mass of gas bears a less ratio to the 
volume of the containing vessel. Further, the slower the 
combustion the more this cause of error tends to in- 
crease. The duration of the combustions is otherwise 
very unequal, and varies with the variable state which 
is produced at the eommencement of the phenomena. 
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between the state of detonation (velocity of the wave 
of explosion, 2,810" per sec. for H, l.OSg"* for CO) 
and the Btate of ordinary comhnstion (34™ for H, 
l"" for CO, according to Bnnsen). The comparative 
retardation increases with the duration of the com- 
bustion. 

The expeiimentfi were made with three difEerent 
vesselB, one of 800'", another of 1, 500*", and a third 
of four litres capacity. The bomb of foot litres was 
cylindrical and axially bored with two holes, one hav- 
ing a tube attached 63"°^ long and 6°^ in diameter, 
at end of which the spark which inflamed the mixtores 
was prodaced, the ot^er carried the registering piston. 
This projected 32™° in the interior. The length of 
ihe internal axis of the bomb was 217°^, so that the 
distance of the point of inflammation from the base of 
the piston was 217 + 63- 32 = 248"^, of which 185"™ 
were in the vessel itself. Sach is the maximum dis- 
tance which the flame has to traverse before reaching 
the piston, at least as long as the latter is not dis- 
placed. 

The 1,600™ vessel is spherical, and similarly 
pierced along a horizontal diameter. The length of the 
inflammation tnbe is 63'°™, the diameter of the vessel 
142"™, the projection of the piston 32"™. The dis- 
tance of the initial point of inflammation from the 
end of the piston equals 142-1-53 -82 = 163"™, of 
which 110™° ate in the vessel itself. 

The 300°° vessel is eylindrioal, one of its bases is 
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plane, and snpports the registering piston, jutting in 
32™™; the other end is hemispherical, convex exteriorly, 
the inflammation tube is affixed at the jiiDction of the 
cylindrical and spherical parts, and is 60"^ long. The 
distance of the initial point of inflammation from the 
base of the piston is 128"™, of which 68°™ aro in the 
vessel, this line is obliqae to the axis. In every case 
the maximum was attained when the piston had moved 
aboat 20°™. 

In the experiments with NO^ and CN the authors 
had recoorse to central ignition, the flame going oat in 
the tube. In this case the distance from the initial 
point of ignition from the piston was reduced to about 
21"°-. 

Here are the times elapsed, expressed in thonsandths 
of a second, between the moment of ignition and that 
of production of maximum pressure. 

I. Effect of Sizk op Reobivbk. 
(Times elapsed in IbonsimdthB of Second.) 



Mjrtare. 




300" 


isoo« 


4ooc^ 


H. + 0. ... 




I 


04 




314 


H. + 0. + H. 




1 


67 


— 


4-22 


H. + 0, + N. 




2 


67 


— 


687 


C.O. + 0. ... 




12 


86 


— 


15-51 


C,E, + 0..... 




3 


86 


— 


2-23 


C,N. + 0, ... 




1 


5S 


4-50 




C^N, + 0, + 1 


N 


3 




2-74 


— 


C,N. + 0, + 3 


K 




35 


15" 


— 



In general it is evident that the largest reqoires a 
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time proportioned to its capacity and the length 
between the initial ignition point and base of the 
piston. However, there are some irregalaritieB, doe 
to the pertoibations prodaced in the neigbboorhood 
of the inflammation point. 

n. Effect of thr Compobitiom of the Mdctube. 
(Simple miztiues with total combnstion 300°°.) 



H. +0. 


I -04 


H. +N.0.. 


2 -06 


0,H, + 0. 


1-94 


0.0. + 0. 


12-86 


0,0, + N,0, 


IS'39 


OA + 0. 


2*86 


CA + 0, 


■■ss 


C.N, + 4N.O, 


4-53 


C.H, + 0„ 
CA + 0. 


■83 

1-24 



Carbonic oxide is slower than hydrogen, in accord- 
ance with previous knowledge, the ratio of the times 
(12-3) being between the state of detonation, 2*6, and 
that of ordinary combustion, '84. 

For cyanogen and hydrocarbons containing mach 
hydrogen the velocity differs little from that of hydro- 
gen, conformably to the velocity ratios deduced from 
the explosion wavea (CN 1*3 according to wave, in- 
stead of 1"6; fornicue, 1-23 according to the wave, 
instead of 1*2; methyle, 1'2 according to wave, in- 
stead of "8, &o.). It is always, then, the velocity of 
translation of the molecules which controls the 
phenomena. 

The employment of protoxide of nitrogen instead 
of slackens the action. 

The absolute velocity is difficult to estimate. If it 
is admitted, to give an idea of the relative velocity, 
that the flame teaches the piston at the moment of 
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nuudmam, the velocity mil be about 100™ pet second 
for hydrogen ; about 8" for CO ; and 70"° for cyano- 
gen. It falls to half for hydrogen homed into protoxide 
of nitrogen, to a third for cyanogen burned vith the 
Bame gas, &c. 

HI. EtVEOT of a UOSS OB LESB COUFLETE COUBOBTJON. 
(300".) 

C,N, + Og + 1 N. 15-40 I C^N. + 0, + 2 N. 10-35 
It does not appear thai the total combustion of cyano- 
gen tabes place in two parts, fonning at first the total 
amonnt of GO, which would afterwards bom, for the 
total combostion is moch quicker than the smn of the 
two separate effects. However, the incomplete combus- 
tion is the most rapid, perhaps owing to the existence 
of partial dissociation which slackens the total com- 
bustion. 

rV, Influence of an Esoesb of One or tee Coufonenib. 
(4000".) 
H, + 0. 2-14 

H. + 0. + ^H, 2-«7 
H. -}- 0. + tVH. 2-53 
H. + 0. + i H. 3-41 
H, + 0, + ^ H. 382 

^ + 0. 4- H, 422 H. + 0, + 0, 8-i6 
H, + 0. -H a H. 5-9S 
^i -f- 0. -(- 3 It 9-67 ^ + 0. + 3 0, 16-04 

The combustion is slower in proportion to the ex- 
cess of gas which does not burn, the retarding influence 
of the total oxygen being about doable that of an 
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equal volome of hydrogen, which answers to the 
translation velocity of the moleculeB of the former gas. 

v. ISPLCBNCX OP THE PKODITOTa OF OOMBUSTIOM. 
(300") 

C,0. + 0, 12-86 I C,N. + 0, i-o6 

C.O. + 0, + i 0.0, 27.18 C,N. + 0, + iCO. 3-64 

C.O. + 0, + 0,0, 358 I C,N. + 0, + 2 0.0. 6-44 

Slackening more and more marked; threefold for an 
equal volume of carbonic acid in one case, and six 
times for an eqaol volame of carbonic oxide in another. 
We can see, too, in the state of ordinary combustion, 
the rate of propagation of combnation is diminished 
by the mixtore of ii^ses dready homed. 

71. Effect of an Eicbss op ah Iitbbt Gas. 





(4 litre..) 










H, + 


... 2-14 






H. + 0. + }N. ... 




2-86 






4. IN. ... 




3S5 






+ N. 




6-87 






+ !N. 


.. 


11-98 






+ 3N. ... 




24-45 






+ 4N. 




36-35 






(300-.) 






0.0. 


+ 0. ... 12-86 O.N. 


+ 0. ... 


■-S5 


0.0. 


+ 0. fJN. 17.78 C.N. 


+ 0,+ N. 


6-09 


0.0. 


+ 0. + N. 26-49 0,N. 


+ 0.+ 2N. 


1S-4 




o,n; .f 0. 


... ros 






O.N. -1- o;-f fs. ... 


... 3-20 






-1-2N. ... 


... IO-35 






+ 3Ni ... 


... 23-63 






+ 4N.' ... 




29-78 
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Nitrogen retards the combastion of hydrogen and 
that of carbonic oxide, the first in a greater ratio ; this 
Bhoivs that the phenomenon is not simply due to a 
lowering of the temperatare, which is nearly the same 
in the two cases, but also to the greater inequality be- 
tween the translation velocities of the gaseona mole- 
cnles. 

The inert gas at the same time lowers the tempera- 
tare of eombtiBtion, which diminishes the translation 
velocity of the molecules, and also rednces the nomber 
of effectoal collisions between molecules suseeptible of 
reciprocal actions. Thus a notable excess of nitrogen 
reduces the velocity more than one of the two com- 
ponents with thrice the volume ; in the oxy-hydrogen 
mixture the times for H, 0, and N are proportional to 
10, 16, and 24. The presence of an excess of one of 
the products still more retards the velocity ; thus car- 
bonic acid has mote effect than nitrogen in the 
combustion of carbonic oxide. 

In all these effeets also intervene the inequality of 
the specific heats of carbonic acid and the variation in 
dissociation, produced by the presence of the compon- 
ents or products. 

VIJ. laoMEKlC MlXTCBBS (300".) 

.... 265 
... 15-4 

... -83 

Combustion is slower in the least condensed mixtures, 



H. J- H. + 0. ... 


r6, 


c:o, + N. + 


H, + H.O. 


3'o6 


C.O. + N,0. 


O.N. + 0, 


■SS 


C,H. + 0„ 


2 CO. + N, + 0. 


■78 


C.H, + H. + 0. 
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which are also those which in the same time disengage 
least heat, a doable caase which at the same time 
diminishes the velocity of translation and the proba- 
bility of effectual coUisions. 

VIIL MuTDBH or Two Combd8TIBI.b Gasbs. 
b; + C.O. + 0, , 



C.O, + 0. 1-29 

H, + iC.O. + O3... a-57 
H, + iC.0. + 03i r39 



H. + 2 C.O, + 0,... 

C,H, + 0„ 

C,H, + H. + 0^... 



■86 
37 

the 



The rate of combastion is the mean in no case ; 
two gases appear to tend to bom separately each with 
its own velocity. It results that the maximum ob- 
served pressate does not correspond with an nniform 
state of combination of the mixture ; consequently it 
is produced with certain irregularities, and is inferior 
to what it should be. Thus carbonic oxide and 
hydrogen, burned separately in oxygen, give the same 
preBsare nearly, 10*1 atmospheres for one and 9*9 at- 
mospheres for the other ; for all mixtures one should get 
the mean ; while experiment has led to lower totala, 
say 8-7 at equal volumes. There are the same reasons 
for the case of ethylene mixed with hydrogen compared 
to ethylene ; the velocity of the combustion seems to 
point out that the hydrogen bums first. 

IX. Hydro- Case 0K3. (Combnstible elements combined). 
(300"-) 

C,H. -I- 0„ 1-94 I C^, + 0. 1-24 

. C,H, + 0, 2-86 C^HsO. -H 0„ ... 1-42 

C^ + O^ -83 I CAoO. + 0., ... 3-89 
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The velocity of combtiBtion of the highly hydrogen- 
ated gaseB ia very neax that of hydrogen, which BeemB 
to indicate that the hydrogen bumB before the carbon, 
even in total corabaBtion. These effects intervene in 
the momentary eqoilibiia resultant from incomplete com- 
bination, Buch as the division of the between two 
mingled combastibles, carbonic oxide and hydrogen for 
example, or even between the carbon and the associated 
hydrogen in the compoand itself, as well as between the 
division of hydrogen between two combaatibles, sach as 
CandO. 

This division in thefirst momenta depends on the rela- 
tive velocity of the combinations, and it may be quite 
different from that of definite equilibrinm which 
would be established in the same syatem maintaLned 
at constant temperature dming a suitable time. 

A system snddenly cooled, sach as that obtained after 
detonation, does not famish a real measure of the 
affinities, because it may present a quite other distribu- 
tion of the elements. A cironmatance to which 
fteqaently too Uttle regard has been paid. 

The same eminent aathorities have also taught as 
the following esiremely valuable facts as to influence 
of density of the gaseous explosive mixture on the 
preaanro developed. 

Influence of the Density of Gaseous Ezploaive 
SSlxtnreB on presBure. 

It results, then, that up to nearly the highest 

E 
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known temperatorea (3000 -4000° air thermo- 
meter): 

1. The same quantity of heat being famished to a 
gaseoQs system, the pressiire of the system varies 
proportitmally to the density of the. system. 

2. The specific heat of the gases is sensibly inde- 
pendent of the density, as well at hig^ temperattue 
as near 0°. 

All this is tme for densities near that which the 
gases possess at 0° onder normal pressmre, 
which have varied in experiments from 1 to 2. 

8. The pressure increases with the arnoont of heat 
famished to the same system. 

4. The apparent specific heat increases equally with 
this quantity of heat. 

These conclosions, we repeat, are independent of all 
hypotheses on the laws of gases and of their physical 
or chemical oonstitatian. They are the immediate 
translation of experiment. 
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CHAPTER VI. 

Wrcz' THEOBETIOAL CYCLES OW QiS ENGINES, 

The cycle really gone throagh by gas engines is sabetan- 
tdally that we have defined in the first part of this work, 
bnt it undergoes deformations, of which we must now 
take account, since from them there resnits a diminu- 
tion of its efBciency ; these deformations constitute, in 
fact, imperfections in the real cycles. In this considera- 
tion we shall follow the theory laid down by M. Witz, 
and we shaU do so as closely as possible, for the 
authority's sake. 

The following hypotheses are made : — 

1st. The detonation is instantaneous and the heat- 
ing of the prodacts of combustion is effected at constant 
Yolame. 

2nd. The expansion takes place according to an adia- 
batic, with neither loss nor gain of heat : it is complete. 

3rd. There is no back pressure on the piston during 
the in-stroke, the diagram is then closed by a line 
parallel to the axis of volumes, under a constant 
pressure equal to that of the atmosphere. 

4th. The combustion of the products is complete. 

Further, these conditions are not practically entirely 
realised, as may be seen by superposing the theoretical 
and real cycles. 

The Lenoir engine is taken as the type of the engines 
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vithout compression; the Otto and Simon engines 
coirespond to the two sorts of motors with compreBsion ; 
lastly the atmospheric engines are represented hy the 
Langen and Otto engine. 

The deformations of the real diagrams are recognis- 
able at a glance. Instead of a line parallel to the 
axis of presBore, we see a eorre, more or less inclined, 
witnessing a gradual explosion ; the heating thtiB does 
not take place at constant volume, and the temperature 
as well aa the pressnre on explosion is on this account 
greatly reduced. In a Hngon engine the maximum 
pressuredeveIopedinthecylinderisbutS'78atmospherefl 
according to M. Tresca; in the Lenoir engine this 
preBsnre does not reach 5 atmospheres, the deficiency 
is consequently at the least SO per cent. In taking 
acooant, in the Otto engines, of the dilation of the 
mixed gases and of the Tolumo of the usurious space 
(taken up by inert gases), we prove a nearly equal 
difference between the obBecved andcalcniated pressures; 
thus, a motor of four horse-power, fed with a mixture (rf 
one volume of gae to 7*57 volumes of air, has given, 
in fall charges, diagrams whose maximum pressure 
is only 9'6 atmospheres, instead of 12 atmo- 
spheres. 

The non-instantaneousnesB of the explosion is other- 
wise clearly shown by the study of the successive tem- 
peratures of the combustion products. From the 
knowledge of the volumes and presBures of these gases, 
we can easily deduce their temperature at no matter 
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Tliat point of the path. Besides, the maximum tempera- 
taie is only reached after the point where the pressure 
has been a maximum. The espIoBive combastion is 
then far from being instantaneons, as supposed. 

Furthermore, this fact was established some time ago 
and, as we have seen (p. 149), M. YieHle has been able to 
«Btimate the interval of that time which elapses between 
the commencement of inflammation and the production 
of maximum preasore : this interval is '0267 sees, for a 
miztureof CO and 0, and'OOl 6 for oxygen and hydrogen. 
It is much greater, as we shall see later on, for gaseous 
mixtures in practical use. 

For the present, it is sufficient to state the fact and 
to call attention to its twofold consequences ; on the 
<ine hand we see that the area of the diagram is less- 
ened on this account ; on the other the diminution of 
T, which results, lowers the value of the economical 
ooefficients. In addition, T is less as the rate of com- 
bustion is slower ; for the work transmitted to the piston 
absorbs so much the more heat, which evidently comes 
in as a reduction of the sum total of the heat pro- 
dneed by the combustion. 

In the second place is supposed an adiabatic expansion, 
again a gratuitous hypothesis. The real diagrams 
allow us to estimate the influence of this deformation 
on the efficiency. In Fig. 55, the dotted line cor- 
r-esponda to the expansion without loss of heat ; the 
fall line of the diagram, taken from a Lenoir engine is 
markedly below it, and the loss of work strikes the eye. 
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The Bame obBerratlou can be mad&on the diagramB of the 
engineB of Clerk, Simon, Langen and Otto, &c. On the 
diagram of the Otto Engine, we see it tme as an inverse 
phenomenon. InBtead of seeing the adiabatic carve 
above the real line, we find that the diagram remaina 
above the adiabatic, ae if the expansion took place 
not with loss of heat, but with gain. What is the 
canae of this effect, so paradoxical in appearance ? 
Whence comes the heat which compensates both for 
losses Ebnd for the amount expended in work ? 

This qnestion, to which most varioaa answers have 
heen given, has raised great debate in the soientifio 
world, and the Institute of Civil Engineers, in London, 
has devoted several evenings to its discussion. In 
fact, if all agree upon the Becondary cause of the 
phenomenon, opinionB vary on the primary cause. The 
secondary caase is retarded combustion, explosion with 
after combustion (mit Nachbrennen) ; but why ia the 
combustion retarded ? By dissociation, say some ; an 
effect of dilution, say, more simply, others. We 
shall soon see what irrefragable arguments are in 
favour of a third solution : for the present let us 
recognise that the peculiar phenomenon presented by 
the Otto diagram should still be considered as a defor- 
mation of the theoretical cycle, seeing that this slowness 
of combustion entails a considerable lowering of T. 
The incontestable advantages which result from it 
wiU be estimated in the se<jael ; the imperfection of 
the cycle cannot however be denied. 
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The loss of power whioh acoompEuiies an inoomplete 
expasBion needs neither explanation nor proof. 

The absence of back pressure arises from the way 
itself in whieh the cycle is closed ; ve supposed that 
the gases were restored to their initial state, by a 
cooling under constant pressare, before being dis- 
charged into the air. Thns in Fig. 56, the combostion 
prodncts were cooled itom t' to t along the path D B 
and throst ont of the cylinder along B A ; similarly for 
the other types. Bat as a matter of faet the cooling 
is never complete, and the gases escape from the 
cylinder at temperatures far exceeding the initial 
temperature of the explosiTe mixture. M, Tresca 
indicates temperatores £com 280 and 186° C, for the- 
Lenoir and Hogon motors ; M. Schottler affirms that 
he has prored in the Otto engine more than 400° C. 
Instead of being carried to a refrigerator, the heat ia 
dispersed in the atmosphere ; it might be thought that 
this comes to the same thing, but this would be to 
strangely mistake, for it is precisely irom this de- 
fc^mation of the cycle that back pressure results ; ita 
mean value is '12 atmosphere in a well regulated 
Otto. 

There still remains a last imperfection of the cycle, 
for the study of which the diagrams are of no use, 
that of incomplete combustion. It was pointed ont 
for the first time by Mr. Bouefield, 4 April, 1882, at 
the Institution of Civil Engineers, London. This 
engineer declared that the gases discharged irom an 
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Otto engine remained at' times ezploaible and that 

they could give risa to a weak explosion on passing a 

bnmer. 

The following are the resnlts which M. Witz has 
obtained in exploding in a mercury eudiometer different 
mixtures of air and illaminating gas : — 

Hixtore. Incomplete comtmsbion per ceDt. 

I gas + 5'3oair oo 

.. 7-3S .. ■•• 2-6 

» 940 TO 

ii-6o „ 12-0 

These ezperiments made with the gas of the 
"Gompagnie Gontinentale " do not confirm absolntelj 
the obserration of Mr. Bonsfield ; but they prove that 
aecoTint mast be taken of the incomplete combustion of 
the combustible gas in engines. 

To som np, the real cycles are imperfect and the 
attained efficiency must necessarily be less than the 
theoretical efficiency. 

Hence it comes about that gas engines, which ate 
theoretically at the head of thermal engines, have to 
abdicate their high status which had been assigned 
them, and lose their superiority. 

The study of this deficiency presents from all points 
of view the most lively interest. Besides, the sole 
means of explaining what really takes place in the 
cylinder of a gas engine is to reproduce by laboratory 
experiments the most important phenomena, and above 
all those most discussed, and to study them in all 
particulars. This is what M. Witz has done. 
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Oondderatlon of an Explosion followed 
by Expansion. 

The point was to reprodace artificially, so to say, 
the phenomena which occar behind the motor piston, 
vhile varying them at the will of the experimenter. 

For this pmrpose a cylinder of cast iron was used 
by M. Witz, which is arranged vertically and has an 
internal diameter of 200'1°™, and is 400"™ high. A 
piston with bronze packing moves in this cylinder 
from below apwards, nnder the action of the ezplosivo 
mixtures. Ita path is SSS"" ; while it is 77°^ thick ; 
and its weight is 14'5 kilograms. The resistance to 
motion prodaoed by the friction of the bronze rings ia 
eqnivalent to a force of 17 kilograms about. The 
force required therefore to lift the piston is 81-6 
kilograms. The upward movement of the piston can 
be accelerated or retarded at will, by means of a 
counter weight and a brake. In the first case a cord 
attached to the end of the piston rod, and wrapped 
round a pulley, transmits to the piston the force of a 
mass of 76 kilograms falling down a groove ; in the 
second case a ptessnre ring acts as a brake on the rod, 
and even allows all motion to be cheeked, if it becomes 
necessary to do 80. 

By this twofold arrangement, the velocity of the 
piston and consequently the rate of expansion, is under 
the control of the experimenter, and he can increase 
it from •25" to 10" per second. 
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The explosive mixture is introdneed nnder the piston 
throagh a stop cock, of simple action; reference 
notches on the rod of the piston indicate the Tolmne of 
gas enclosed in the cylinder, and allow of its estima- 
tion with eafScient aocaracy. The mixture is ignited by 
a spark from a strong induction coil, flashing at the 
bottom of a small cavity prepared in the cylinder vail. 

The explosion occurs and projects the piston np- 
wards ; air boles, disposed in the cover, ^ve exit to 
the compressed air ; by closing them, a dashpot is 
made, which may be utilised to deaden the shock of 
the piston, and to weaken the concussion which always 
accompanies it. 

The piston comes to rest when the resisting pressure 
of the air, its own weight and friction have absorbed 
its vis viva ; it redescends slowly in proportion to the 
cooling and condensation of the combustion products. 

The pressures developed under the piston are 
meastu-ed by a Eichard's indicator, mounted on the 
cylinder and regulated by a cord attached to the piston 
rod, the diagrams thus drawn have their ordinates 
proportional to the pressures and their abseissES pro- 
portional to the volumes occupied by the gas. A 
horizontal tuning fork inscribes its vibrations on a 
line parallel to the abscissae, and marks the times with 
extreme accuracy ; the fork employed made one 
hundred and twenty-eight simple vibrations per 
second, so that it was easy to observe less than 
T^th of a second. 
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By ezamining the indicator-diagrams and estimating 
their area, it became possible to become acquainted 
with all the characteristic circomstanceB of an ex- 
plosion and to calculate the 'work done, for a knovn 
volume of gas nsed, nnder given conditions. The 
exploaive mixture, made in a water troagh, ■was of a 
definite composition. By means of a caotttchoae bladder 
a variable volume was introduced into the cylinder, 
raising the piston to the prearranged mark. The 
spark dashed, the indicator traced its curve while the 
tmung fork marked a sinasoid more or less extended ; 
one read at the same time on the same paper, the 
volumes and pressures of the gasses, the velocity of 
the piston's rise, the whole dm-ation of the expansion, 
&c. A ■water or steam casing round the cylinder kept 
the walls of the enolosore at any desired temperature, 
■whose thermal effect on the enclosed gases was 
perfectly known &om preceding studies. All the con- 
ditions of the experiment 'were thus well determined. 

The various sprinj^ of the indicator employed in 
theee trials moved 1°^ for pressures of thirty-five 
grammes, seventy grammes, and one hundred and 
thirty-nine grammes, per square centimetre. The 
path of the registering cylinder was reduced in the 
ratio of 1 to 2-548. 

These data are important for the calculation of the 
indicated work ^. S being the surface of the piston 
of the experimental cylinder, in square centimetres, 
a the area of the diagram in square mm., ^ the 
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pressure in kilogrammeB per square centimetre, whiah 
cansee the spring to yield one mm., and lastly r being 
the real path of the piston for each millimetre of 
the aheciasa of the diagram (this path heii^ ex- 
pressed in metres) we shall have in kilogrammetres 

On making the calculations 

2C = o- X '112 = 6'o56 = <T X "oaS. 
for the three springs ased. 

The area a of the diagrams can be calcnlated by 
Simpson's formala, or better by Amsler's planimeter. 
Sneh is the method to ■which M. Witz had reeonrse to 
stady the explosion phenomena which occur in the 
cylinders of gas engines. 

Masterly researches have been already made with 
the greatest success on the combnstion of explosive 
mixtures. Bunsen, Berthelot, Mallard, Le Chatelier 
and YieUle appear to have completely elucidated this 
important subject. However, none of these skilfiil and 
untiring physicists have operated under conditions such 
ss are met with in practice, that is to say, in an en- 
closure closed with a moveable piston of large surface ; 
their experiments have been conducted in closed vessels 
without expansion. In Witz' cylinder the expansion 
plays a very considerable part, and the observed 
phenomena present themselves in a new light. 

The employment of great expansions presents in 
particular the double and precious advantage of 
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limiting the temper&tnres and reducing the pressures 
developed in the explosion. 

In limiting the temperatoree, dissociation effects are 
averted, which certainly do not occnr below 1500° C, 
By reducing and graduating the pressures, the oscil- 
lating motions are avoided, which have generally 
been only snccessfully suppressed by narrowing the 
passages, which is prejadicial to the rapidity and 
exactitude of the indication. The degree of ex- 
pansion being known, it is easy to pass irom. the 
temperatures and pressures observed to the tem- 
peratores and pressures which would be developed 
in a vessel of constant volume, by the aid of the 
formulsB 



PV 



P V'*' = oonsi 



The sole cooUng action of the walls is then exerted 
on the gas. 

We can thus give an account of all the circumstances 
which would be presented in a closed vessel by an ex- 
plosion, with great accuracy and independently of dis- 
sociation effects. 

The action of the wall could be studied by this 
process, indirectly it is true, but with interest, because 
the resnlt was unexpected, in this way. It is possible 
to calculate, thanks to the latest works of MM. Mallard 
and Le Ghateher, the temperature produced by the 
combustion of a well-defined explosive mixture, such 
as the mixture of carbonic oxide and air, independently 
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of all effect of dissociation . and Bnpposing the com- 

bastion complete. 

We may thus consider that T is known, under the 
reserve jost stated. But in expansion, the BnccesBive 
^owledge of the ptessores and volnmea leada to an 
approximate knowledge of the mazimom temperatnre 
T', which. -would be realised at constant volume, the 
sole action of the wall intervening. 

T-T' ifl, therefore, the Iobb of temperature due to 
the wall alone. The time during which the action 
is exercised is one of the data of the experiment. 
Dividing this time into n equal parts, during which the 
mean excess of the temperature of the gas over that 
of the enclosure is £, and taking account of the suc- 
cessive values of - 

formula of cooling which is given for this cylinder ; it 
19 V = '058924 t^'*", for an excesa e not exceeding 
40° in a cylinder 200mm. in diameter and 400nun. 

high, 

volume is equal to 26. 

For another cylinder it became 

0=-|-'o'3S7*"'*- 

But for an excess t, between 0° and 5°, the exponent 
would be equal to 1*208. 

Mallard and Le Chatelier have observed that beyond 
600° up to 2,400° of exGMS, the exponent may be taken 
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equal to 2 in a cylinder with vet walls. It waa of the 
greatest inteiest to ascertain according to what law the 
exponent varied in a cylinder of caBt iron, similar to 
that of an :e)igii;te. Several trials snfSced to arrive at 
this result. We shall give, in the following paragraph, 
the exact formula led to. 

This indirect method may only furnish approximate 
results, bnt these results will have some valae ontil 
some more direct and sorer method has been devised. 

SeenltB of the Experiments. 
Taking into accomit the volmne and the surface of 
the tube of the stop-cock, between the cylinder and 
the plog-hole, the volumes and surfaces corresponding 
to the first four reference notches were as follows : 



•53 
■42 
•35 
A first series of trials showed that the phenomena de< 
pend in no way on the igniting spark ; in &ct, whether 
one or six Bunsen cells were used, or whether the in- 
duction coU was large or small, even whether to it were 
added a cascade of three bottles, the results of the 
detonation remained identical. 

From the commencement of these researches, it was 
recognised that iUuminating gas would present the 
most serioos difficulties in experimenting, on account 
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of the great alterations in composition which it mider- 
goes &om one day to another in the same town. Cer- 
tain experiments, made in the month of February, 
cannot be connected with those of the month of Jane, 
althongh they were made nnder identical conditions. 
Such a mixture as in winter shows incomplete com- 
bustion for an admission np to the third notch, bums 
completely in the spring. 

These variations in the calorific power of iUuminating 
gas necessitated special researches on an explosive 
mixture of constant composition. Beconrse was had 
to a mixture of carbonic oxide and air. The carbonic 
oxide was made by the reaction of sulphuric acid on 
yellow pruBsiate of potash ; a wash bottle retained 
the hydrocyanic acid which accompanies the gas in 
considerable proportions. The mixture was made over 
the water-trough ; the gases were thus saturated with 
water vapour. It was considered possible to neglect 
this element in the calculation of the calorific power 
of the different mixtures used ; the figures for the 
efBciency will thus be a little too small on this account. 

The theoretical mixture of carbonic oxide and air is 
2-404 vol. air to 1 vol. of combustible gas ; by taking 
2'6TS vol. air to ensure complete combustion, we make 
a mixture which disengages, *83 calories from each 
litre at zero. 

At 16° the heat disengaged from each litre would be 
equal to -78 cal. ; at 64", -66 cal. 

With pure oxygen, with -h air added, we should get 



PEOPORTIOH OF COMBUSTIBLE. 14s 

1*98 cal. per litre explosive mixtnre at 0°, and 1-82 cal. 
at 15". 

The proportion of the comhustibla being angmented, 
the heat variea, as one may see below : 

Per litre. 
Cal. 

1 CO + 1-625 air 78 

I CO + a-iso „ -86 

I CO -f 3675 -83 

I CO + 3-200 „ -75 

It ia to be allowed that the gas of the " Gompagnie 
Gontinentale " nsed, has a calorific power of 5,520 cal. 
per cubic metre of the combnstible gas ; this figure, 
based solely on the theoretical caleolations before given, 
has appeared to fairly answer to the reality of the facts. 

A simple Terification is, in that, according to calcu- 
lation, the contraction of the combnstion products, 
after the condensation of the water vapour, ought to 
be equal to 15 per cent-, for a mixture of 1 volume of 
gas with 9-40 air, and to 12 per cent, for a mixture of 
1 volume of gas with ll'SO air; now, the water vapour 
being condensed, there were observed these same con- 
tractions in the meroury eudiometer. 

From this ooincidBnce would result a composition of 
hydrogen and hydrocarbons near the compoBition of 
the gas taken as a type. We must content ourselves 
with such a control, for it is impossible, at present, to 
be absolutely certain, and we must accept them as 
nearly accurate. 

In other respects we have a sufficient foundation for 
It 
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the comparative experimentB, the results of which we 
proceed to give. 

The first object was to observe the result produced 
on an explosion b; the velocity of the expansion. This 

dl 
velocity may be represented by-31, the ratio of displace- 
ment of the piston to the time. The following tables 
plainly show the influence of the expansion velocity. 



[ Vol. CO with 2-675 Volb. Aib at 15° C. 
YoL of Mixture, s'oSi litreB. 



Time of 


Path of 


Velocity, 




Work calc. 


Paefol effect 


ExploBion. 


Pistou. 




Wort 


fromdiag. 


percent. 


t 


1 


dt 


T 


T' 


1) 


Sees. 


mm. 


m. 


kilgm. 


kilgmt. 




0-17 


=54 


I 5 


688 


22-0 


3-a 


■12 


=58 


2-IS 


„ 


290 


4-2 


■II 




2-35 


„ 


34-0 


4-9 


•08 


„ 


3-25 


» 


42-0 


61 


•OS 


„ 


S-20 




S3-0 


77 


■04S 


» 


S-6o 




600 


87 



MiXTUKB 0? I Vol., Illuminatiho Gas with 9-4 Vols, j 
Vol. of Miztnre, 2*081 litres. 



t 


1 


dl 
dt 


T 


T' 


' 


•48 


122 


■!5 


467 


53 


i-i . 


■47 


«7 


■27 


„ 


S-3 


ft 


■40 




'32 




70 


1-4 


•39 


132 


■34 


„ 




I '4 


■31 


140 


■4S 


„ 


7-8 




"3 


147 


•64 


- 


IO-8 


2-2 
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Bi OF I Vol. iLimnKATiHa Gab with 9*4 Vols. Aib. 
VoL of Mixture, 3*096 litres. 





ISS 


•36 


tHo 


9-8 


I '4 




203 


■49 


„ 


lO'S 


1-5 






■50 






17 


■35 


211 


•60 


„ 


12-3 


1-8 


•IS 


329 


■9a 


„ 


14-6 


3-1 




» 


1-42 


» 


17-4 





HaxiTBE or i Vol. iLLUnmATiNO Gas with 6-33 Aie. 
VoL used, i-o66 UtreB. 



t 


1 


dl 

dt 


T 


r 


V 


■07 


185 


2-6 


340 


17-6 


S'2 



HamBB OP I Vol. iLLUHiNAToia Gab wnH 6-33 Am. 
Vol. used, 2081 litrea. 



Commenced Feb. 24th, 1883, these experimentB wete 
continaed till towards the end of July of the same year, 
and the trials placed in the same table have been taken 
from different days. The variations, aometimes con- 
Bidersble, of the gas famished by the company shoold 
before iutrodace some discordance in the lesolts, 
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HeverUieleBs we can clearly see that the nsefol effect 

iacreasea with the velocity of the expansion. 

This result is still apparent with explosive mirfares 
of quite different richness, as the following table 
shows. 



MnTUEBa OF DiFraHBur Pbopoktions < 
Vol. OBed, ro8i litree. 



r GO. iKD Am. 



Oompodtian. 






dt 






















J+3-2 




221 




646 


I0-4 


3-0) 


•■3 


23O 


1-6 


„ 


26-s 


4-il 


i+a-67S 


■12 
■11 


2S8 


2-15 
"■3S 


735 


29 
34-1 


4-ol 
4-4 


I + 3-2I5 


■08 
•0; 


" 


3'i 


760 


4i'7 
.io-2 


S'Sl 

6-6 y 


1 + 1-625 


•04 


» 


6-4 


688 


571> 


s-s 



Several trials have been made with a mixture of one 
vol. of CO. with 'S vol. air and "075 vol. air in excess, 
bat nnder these conditions, the charge bo to say be- 
comes shattering, and the results are less satisfiiotory 
by reason of the extreme velocity of the expansion, 
which exceeds 9'80 metres per second ; the jerks of the 
indicator spring distort the curve and the estimation 
of the area of the diagram becomes very problematical. 

The preceding tables nevertheless amply demonstrate 
that the nsefnl effect increases with the velocity. This 
first point is obtained for us np to a ' velocity of six 
metres per second, which exceeds by much that of gas 



The reader will see, Figs. 67 to 59 some carves 



,;GotK^Ie 



WITZ' EXPERIMENTS. 149 

traced by the indicator dnriug the exploBion of one vol. 
of gas with 6-33 air, each figure of the tables above 
given corresponds to one or more analogous diagrams. 

Fig. 60 is" a carious example of the effect of the 
velocity of the expansion. It is an experimental 
vagary. 

This curve was got by closing the vent-holes in the 
cylinder cover. The compressed air above the piston 
then acted as a dashpot and retarded the expansion 
movement ; thus the carve rises, and only falls from 
the cooling action of the walls, this piston being, so to 
say, immovable. This diagram, of such fantastic shape, 
will be naeful to us in the study of slow-combustion. 

The explosion diagrams do not only give the useful 
effect, but enable as to calculate the suceessive values 
of temperature and pressure, which would he observed 
in a closed vessel, without expansion, under the sole 
action of the wall. Let us apply it to some diagrams. 

The diagram which has served as the foundation for 
these calculations is represented. Fig. 61. The mean 
dl . 

initial temperature was 288° G. absolute measure, the 
detonation carries it suddenly to 474°, and the pressoie 
rises from 1*088 kilogram to 1'7 kilogram, then the 
expansion commences. The absolute temperatnres of 
the gas at each point of the curve are found from the 
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would have if the gas temained constant in vol. ate 

given by the eqoation F T constant, in which v = 1-8. 

Lastly the abeolnte temperatore attained in the saiue 

P T 
conditions are calculated from the formula -:=-==- 
Pi T,' 

Here is an example of this calculation for the time 

'016 seconds. 

i'7 X s'oSi _ i'6 X 3'aio 





474 


X = 


= 687' 


z 




1-6 


X 3' 


■2I0"' 


' = X X 


2' 


■o8i' 




X 


2j8£ 

I '7 

X = 


■8i kUog. 

" 474 
= 784-. 







This miztare has therefore taken *112 seconds to 
attain a pressure of 7'68 kilogramB, and an ahsolnte 
temperatore of 2,197° centigrade. At this moment 
combastion is completed, since the pressore and tem- 
peratnre foil immediately tmder the action of the wall. 
Fig. 61 exhibits to the eye all the phases of the phe- 
nomenon, the fall curve is the real diagram, the dotted 
curve represents, on the other hand, the results of the 
calculation on a diminished scale, so as to avoid a too 
large fignre. This cooling action of the wall is deter- 
mined by the same fact, for we know how inferior the 
temperatore attained is to the theoretical ; instead 
S,7S6, we £nd 2,197°. The total loss is thns B58'. 



D,g,t,.?<i I,, Google 



WITZ' DIAGRAMS. 



It is now the qaestion to calculate elemental Iobb for 
each interval of time eqnal to '016 second and to inte- 
grate the sum. Let oa enqaire what is, during each of 
theee intervals, the mean excess of the gas temperature 



ing written opposite these excesses, let as apply the 
foniiiila for the rate of cooling forthe time '016 second. 
We have no other onknown in this formula than the 
eqwnent of the excess, this is a function of the excess 
itself, which we should determine b; trial. In the 

present case the equation V = y x '02357 «^™ "■ '"**" 

corresponds with the facts. We have only to multiply 
Vby '016 to ascertain the loss in the interval. 

Times ... o 'oi6 '032 "048 "064 "080 -096 "iia 
EieaBs ...186 399 653 873 940 I030 1062 10S9 

Ifeanexceaa 392 526 763 906 980 1041 1075 

8 

Ymean ... 47 3-8 3-3 2-95 2'86 2-75 37 

lass ... 4 12 37 79 106 143 167 

The sum of the losses is then equal to 647° instead 

of 568°, this difference is negligible ; the exponent would 

then equal 1-203 + '00048e, for a mixture of air, 

nitrogen and carbonic acid; and will only reach 2 

at about an excess of 1660°. Millard and Le Chatelier 

Tere led to adopt the exponent 2 between the excess 

of 600° and 2,700° ; we may remark that the mean of 

these two excesses is precisely 1,660°. 
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It IB not neoeBsarj to apply this method to the products 
of combnetion of iUnminatiiig gas, becanse the uncer- 
tainty there is on the theoretical Yalne of T is too great. 

Keverthelese, the reBult of this calculation, conld 
not Tary mnch from that jas made, seeing that the 
presence of water vaponr modifies in no considerable 
degree, the cooling power of a gas, as M. Witz has 
shown in 1881 ; and who has proposed for gas engines 
the formula 

df _ Y _ 
dt 

The following tables enable ns to follow the pro- 
gress of the oombnstion and all the phase of an explo- 
sion of a mixture of illuminating gas and air. 

MlXTUEB OF I yOL. GaS with 6*33 VOLB. AlB. 

^=4-3c. 

dt ^ ^ 

Time o- -023 -039 '044 045 -046 -054 

Expansion ... v 2'44 3-86 4*25 433 439 488 
PresB. observed... a'l i'6 I'aa I'la i^io I'os -25 
„ calcnlttted. . . 21 5-1 7-05 735 7-39 7'i8 rg6 
The maximum pressure at constant volnme was at- 
tained at the end of '045 seconds ; this calculation was 
made on the diagram in Fig. 57. The next refers to 
diagram of Fig. 58. 

Same Uixtubi. 

dt ' 

Time ... o* '023 "047 "063 "094 '109 Tss "i+t •148 

Eipansion !• 1-57 2'3o 2-64 3-23 3-55 3-8z 4-01 4-09 

Press, obs. i'45 i'40 128 1*25 i'i8 i'i5 1*12 110 '90 

„ cnl. i'45 252 3'8o 4'40 s'4o 6*oo 640 670 5'6o 
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The maximcm pressnre woald be produced at con- 
stant yolnme at the end of '141 seconds. 

Now let QB consider a less rich miztnre at difFerent 
expansion rates : 

I VOL. Gas, 9-4 tols. Aib. 

-gr= "25 metre. 

Time ... o' "078 '156 •334 -jia "390 '468 •484. 

Expansioii i- 1-42 177 2-09 2-38 2.64 z'Ss 3"89 

Press. obs. I '165 1*165 ''165 i"i63 1T65 1*165 i"i6o i*ioo 

„ ed. 1-165 i'83 a'44 $'03 3-60 4-10 4-53 4-02 





Sauh Mixiube. 






1=-'^"- 




Time 0- 


■078 -125 -164 -195 


•219 


Eipanaion ... i" 


1-85 2-28 2-68 3-05 


3»' 3 


Freas. observed... 1*25 


1-25 1*25 1-25 1-20 


IIS I 


„ calculated... 1-25 


!-78 3'6S 4.5° 5" 


5M 5 


CoUecting aU these results :— 






Max. PreflB. Doifttionof 


dl 


Composition. 


kUog. CombDJitiolL 


w 


I CO + 2-675 ^ 


... 7-88 -112 


2-02 


I gas + 6-33 air 


... 7"39 "045 


4-30 


.. » 


... 670 "141 


170 


I gaa + 9-4 air 


... s-»4 -"9 


■64 


1) » 


... 453 468 


■25 



There resolts, ttom these few fignres, a most Bimple 
conclasion ; the combnstion is faster, and, conse- 
quently, the explosion presanre is greater as the velocity 
of the expansion increases. 

This is a law of sapreme importance in the question 
of gae engines. In fact, this influence of the expansirai 
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velocity is BDbordinated to an action of the wall ; for, if 
not, how does the expansion velocity act on the ex- 
plosion phenomena ? This can only be by the cooling 
action of the metal surfaces which, being exerted dming 
a more or leas considerable time, abstracts the heat 
from the very sooree of the fire and diminishes the 
intensity of the re-aotion. 

Now it is not only the rapidity of combustion which 
is subjected to this influence, but the area of the 
diagram is itself reduced, the work diminishes and the 
efficiency falls, as above proved. To make use of the 
greatest possible proportion of the heat of explosive 
mixtores, it is necessary to make the expansion of the 
products occupy as little time as possible and to reduce, 
as for as possible, the surface of the cylinder wall, that 



In this way we discover the phenomenon observed 
by Vieille, the maximum explosive pressure depends on 
the ratio of the cooling surface of the vessel to the 
volume of the gas. We recognise also immediately 

the advantage of realising the maximum of -—-^ the 

ratio of the quantity of disposable heat to the volume 
occupied by the explosive mixture ; in other words, we 
discover that there is not only a theoretical advantage, 
but also a real practical gain in previously compressing 
the gases before detonation. Lastly, why the astonish- 
ing success of the Langen and Otto motor ? Assuredly 
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the cycle of the atmospheric engmes is the moat 
perfect, but this answer would not justify sufficiently 
the indastrial saperiority they at once attained, if we 
did not show that their cycle is less deformed than 
others, in consequence of the extreme rate of expansion 
of the gas. In fact in no other motor has a piston 
velocity equal to that in the atmospheric engines of Otto 
and Langen, Gilles and others, which have given the 
best results, been tealised. 

The action of the cylinder wall is thus the chief regu- 
lator of explosive phenomena. 

It avails to quioken or retard combustion, to produce 
a slow and gradual combustion ; there is no need to 
have lecouTse to theories of dissociation to explain this 
prolonged re-action of the combining gases. In fact, 
we reproduce this phenomenon under conditions such 
that dissociation is impossible, since the temperature 
in the cylinder never exceeds 1,400°. Dilation renders 
this effect more evident, it is plain ; because this volume 
of inert gas, . ia which the active explosion gas is 
wamped, acts no otherwise than the wall, that is to 
«ayf by cooling, but the prolonged combustion may be 
produced independently of dilution. This perfectly 
logical deduction of M. Witz' experiments appears im- 
portaiit. It validates and confirms at each stage, the 
theory which Mr. Dngald Clerk so brilliantly sustained 
before his colleagues of the Institute of Civil Engineers, 
London. Along with this engineer, we consider that 
the combustion ot^hi not to be designedly slackened 
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nor retarded ; this slackening is an inperfection whieh 
oaght not to be striven for ; Otto has therefore done 
wrong in doing so. 

Unfortunately the retardation (the German " Nach- 
brennen " expresBes the idea best) cannot he completely 
avoided. Why not ? Becanse, says Mr. Dngald 
Clerk, heat is only developed gradaally in the explosion 
of a gaseous miztnre in proportion to the combination 
of a disaociated fraction ; becanse, says M. Witz, the 
action of the wall can only be reduced, it cannot be 
totally suppressed. M. Witz is in agreement with Mr. 
Dngald Clerk when he affirms thai the success of Otto 
is doe to compression alone, and not to the extreme 
dilation of the explosive mixture in the product of the 
combustion of a precedent explosion. Without previooB 
compression, he says, a motor cannot produce force 
economically, and under limited dimensions, whatever 
may be the dilution of the mixture, the method of in- 
troducing air to the cylinder, whatever manner of 
stratifying the layers we may employ, without compres- 
sion there is no sueoeBS possible. The proportions of 
the explosive mixture are the same in our latest 
machines as in that of the Lenoir engine, the duration 
is no less, there is no difference but in compression. 
The combustion or rather the heat of the inflam- 
mation is indeed qnicker in the modem engine, 
becanse the volume of mixture used at each stroke 
is greater, and yet the time taken to completely 
inflame the mixture is no more than in the old 
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type. The gnestion is, in factj to redace, as far as pos- 
sible, the Borfaces in contact with a given volame of 
gsB in the cylinder ; that is the object in view. This 
important inflnence of the walls has been e^terimentally 
proved by M. Witz. Two parallel series of experiments 
were execated with an identical explosive gas, taken 
bam. the same gas bolder, at temperatnres of 15°, 64°, 
and 93°. 

The combustible gas vras carbonic oxide and iUmnin- 
ating gas. 

figores 62 to 65 are the diagrams obtained with 
utbonic oxide, the mixture containing 2-675 vols, of 
kir. 

Diagrams 62 and 64 correspond to the work in the 
hot cylinder ; while 63 and 65 were taken from the cold 
cylinder. 

For the first two the vol. of mixture was 1-066, for 
the second two 2*081 litres. 

The course of the two groups of tracings is altogether 
different; when hot, the initial pressure is established 
BO to say instantly; while when cold, the inclination it- 
self of the line A B, Figs. 63 and 65 and the corvatnre 
of the Bonmiit A witness a slow combastion. The eorva- 
ture of the expansion line is in other respects charac- 
teristic when hot, it answers to the equation i)u'^==const. 
When cold the exponent is -S. The combustion, there- 
fore, is longer when cold than when hot, and in the 
diagram, when cold the diminution of pressure due to 
the progress of the expansion is nearly compensated by 
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the increase which resaltB fi-om the prolonged combus- 
tion Then hot ; we see besides that the initial pressore 
is greater than when cold. 

The diagrams taken with a nuztnre of one volmne of 
gas with 9*4 of air are still more characteristic. 
Here is the record of the nnmbers : — 

VoL of Miitnre. ToL of Mixture. 

Fig. 66 hot 1 ^1 Pig. 68 hot > 

Fig.67CoH; ^°96 I Kg. 69 cold} ^-on 

When hot the expansion corves are represented by 
the formnla po ■"=oon8t. At this temperature the dia- 
grams show nothing peculiar, except Fig. 68 that the 
piston arrived at the end of its stroke before combus- 
tion was completed ; the piston ceasiDg to move, the 
pressure immediately rises. 

But at low temperature this effect is more clearly 
marked. We see. Fig. 67, thai the expansion line is 
parallel to the axis of volumes; we even see it. Fig. 69, 
rise as the piston advances, a majiifest proof that the 
combustion is only gradually accomplished with a slow- 
ness which is increased by the coolness of the envelope. 
The inflaence of the cylinder wall on the mode of 
combustion is hence incontrovertible ; the useftd affect, 
moreover, increases or diminishes with the same 
action, as the following figures prove : — 

Explosive Mixtdbe or CO ahd Aib, 

Percentage I Peiceutage 

Iffioienoy, benefit Efficiency, benefit. 

Cold IS 1-9 ) ., Cold IS 3-0 1 

Wiam 64 2-6 1' i Warn 64 3-8 / ** 
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We shall arrive at the same conclasion by the direct 
sttidy of gas engines. Here, for example, are the 
values to be used as the index of 7 in the eqoation 
2>v'' = const, in the expansion carve of an Otto engine. 

WOEKEJG ON LOID. 
Temps, of the Enrelope. Tolnea of y, 

43' i'586 

499 i"489 

So'o I'Si? 

WOKKIHG FkEB, 

45- »'639 

65- I'SS? 

We see that we have to lovrer y as the temperatore 
of the envelope with water in circulation rises. 

The piston having kept the same velocity, it is 
evident that the combustion is retarded in contact with 
a cold wall. The useful effect also increases with the 
temperatui-e of the wall. The motor studied consumed 
1,162 litres per horse-power hoar at 42°, and only 
1,126 litres at S0°. M. Schottler made the same 
observation at Hanover ; his engine used 60 ' litres 
more when the temperature of the wall fell from 70° to 
86°. In short, the influence of the wall on the com- 
bustion and on the efficiency is obvious and irrefutable. 
It is the cooling which chiefly deforms the cycle of gas 
engine^ and lowers their ef&ciency. 
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CHAPTER YII. 

SOKE FCBTHBB THEOBETIOAL DATi.. 

Wb include in this chapter some farther theoretical 
data bearing more or less directly on the gas engine 
considered as an explosion engine, and we prodace 
these remarks, as condensed from the works of the best 
authorities, in the form of notes, to the end of saTing 
space. 

Duration of EzploeiTO BeaoUonB. 
Under this head we shall briefly consider : — 

1. Origin of reactions. 

2. Sensibility of the explosives. 

3. Molecolar velocity of the reactions, in homo- 

geneons systems ; conditions identical in all 
their parts. 

4. Velocity of propagation of reactions. 

5. Varions ways in which an explosive can bom. 

6. Gombastion and detonation of explosives. 

7. Experiments with Nj Oj. 

8. Thermo-chemical and Thermo-dynamie relations. 

1. Beaction once set np may propagate itself either 
by- 

1. Simple progressive inflammation. 

2. Almost instantaneons detonation. 
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EXPLOSIVE REACTIONS. i6i 

PrelimiQary work neoesaary io elevate the tempera- 
tare of a portion of the explosive to a certain degree. 
Every explosive reaction consiatB in a preliminary 
lieating, which is transmitted layer to layer, sncces- 
mvely elevating all the explosires to temperatnre of 
ecomposition. Shock, pressure, friction, mechanical 
actions are only efGeacions in determining the pre- 
liminary heating, and occasionally in propagating the 
action in virtae of conversion of kinetic energy into 
heat. The decomposition of a given explosive may 
take place at very different temperatoies and with 
velocities not less oneqnal. A substance slowly 
decomposable at a certain temperatnre can exist at 
moch higher temperature, although for a time less 
-and less long. 

2. Sensibility to explosion : 

Some substances are sensible to the least elevation 
of temperatoie, others to sndden pressure, and to a 
shock; another detonates with least friction: for 
instance, oxalate of silver explodes at 130°; sulphide 
of nitrogen about 207"; fulminate of mercury 190"; 
yet the fulminate is far more sensible to shock or 
friction than either the silver oxalate or nitrogen 
sulphide. 
Sensibility of any substance increases with — 

1. Initial temperature, becacse the heat dis- 
engaged by first portion of reaction is less 
dissipated by radiation, and rises to the 

H 
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desired tempeiatnre degree a larger tnasa of 

non-decomposed matter. 
2. With initial temperature high, the Babstance 

is in a state of chemical tenmon. 
With Bhock or friction the comparative sensibility of 
two BubstanceB which decompose at same temperatore, 
and with similar velocities, depend on the cohesion of 
substance, for cohesion determines the quantity of 
matter thronghont which the shock or friction effect ie 
distributed, and this of course inflnences the temperature 
to which substance is raised round the point affected 
primarily. Cohesion intervenes with direct inffamma- 
tion, the same quantity of heat proceeding from com- 
bustion of previous portions can elevate to decomposi- 
tion temperatore a small quantity of explosive, while 
if it is distributed throughout a large volume, the 
desired effect may not be obtained. The quantity 
heated remaining the same, the substances being 
different, sensibility depends on the initial temperature 
of decomposition. Sensibility depends also on heat 
disengaged by decomposition, and on specific heat of 
the explosive. 

3. (a) A distinction is to be made between the mole- 
cular velocity of the reactions, which is defined by the 
amount of matter transformed at a fixed temperature, 
nnder constant pressure, in unvarying conditions, and 
the propagation velocity of the reactions. 

It would seem that when a substance is placed in 
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the same conditions of temperatnxe and pressoie, and 
Tibratory motion, &o., thronghont its whole extent, that 
the reaction ought to be developed inBtanianeonsl; 
through every part at once. The explosions of chloride of 
nitrogen and nitroglycerine appear to support this idea, 
bat in reality molecnlar reactions require a definite 
time for action, even when disengaging heat. The 
dnration of the reaction does not change the total 
quantity of heat disengaged by a given weight of 
matter ; bnt if the products of combustion expand, the 
initial pressure will be less as the duration is greater. 

{pO A system, homogeneous, uniform conditions 
thxougbont, enclosed in athermanous vessel : 

1. The molecular velocity of reactions increases with 

temperature (for ethers, according to an ez- 
ponental function of T). 

2. The T. increases up to a certain limit with the 

reaction. 

8. The molecular velocity increases with the density 
of the matter, or the molecular velocity in- 
creases with the pressnre in gaseous systems. 
Still the influence of the pressure is greater at 
the commencement than at the end of the 
action, seeing that the oncombined portion 
diminishes till a time arrives when the tension 
proper to this part, regarded independently of 
the rest, ceases to increase with the heating. 

4. The molecular velocity depends on the relative 
proportions of its components. 
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At constant temperatme, the combination is 
generally accelerated hy excess of one of the 
componentB, and tetarded bj presence of an 
inert Bubstance. 
•At variable temperatnroB ; -with regard to the re- 
action, a portion is retarded by excoBs of 
inert sabstances. 
These are also generally slower, irith excess of one 
of the components, than if eqaimleDt proportions are 
osed, the need of heating the excess matter counter- 
balancing the acoelerative effect observed at constant 
temperatore. 

(y.) The system may give np heat to Burroonding oh- 
jeots althongh etill homogeneoas and similarly Bitoated 
as regards temperature, &c., in all its parts. 

The maBS of matter employed which did not previonsly 
affect the results in principle, here plays a considerable 
part. 

4. Velocity of propagation: 

Homogeneons system sabjected to different conditions 
in its different parts. 

To propagate reaction, it is necessary to reproduce, 
in layer after layer, the same or more favourable physical 
'Conditions, which were called into being at one point. 

Distinction insisted on between simple inflammation 
and tme explosion. (See remarka on explosion wave.) 

In 1876, Bonsen determined the combnation velocity 
of H, and as 84 metres per second, and of CO and 
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as only 1 metre per aecond at atmospheric preBBtue. 
Now, the esplosion Tdlocitiea of the same gases H and 
ma; rise to as mnch as 8,000™ per second. 

6. Multiplicity of ■ways of combustion. 

Dynamite may decompose withoat flame, or may 
bum quickly or may e^lode either moderately or with 
extreme violence according to the process nsed in the 
first ignition. Abel's experiments in 1868 on gun- 
cotton also establish a similar diversity in the combus- 
tion. Gas mixtures are not Hable to this kind of 
spontaneous combustion. 

However strange at first sight this diversity may 
appear, thermo-dynamic principles are sufficient to com- 
pletely explain it, by a suitable analysis of the 
phenomena of the shock. 

In fact the variation of explosive action depends on 
the velocity with which the reaction is propagated and 
the more or less intense pressures resulting from it. 

Taking the most simple case, that of an explosion 
consequent on a weight having fallen through a certain 
height. At first we felt obliged to attribute the observed 
results to the heat disengaged by the compression from 
the shock of a weight suddenly stopped. Bat calenlation 
shows that the stoppage of a weight of several kilo- 
grammes falling from '25™ to'SO" height could onlyraise 
but a fraction of a degree the mass of the explosive, 
if the resulting heat was distributed uniformly through- 
out it. It could not, therefore, attain thus a high 
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temperature, snch as 190° or 200° for example for 
nitroglycerine; the temperatnre to vrhich it appears 
necessary to raise the whole mass, to entail explosion. 
There mast be another method by 'which the 
kinetic energy of the falling veight, transformed into 
beat, becomes the cause of the observed effects. 

It is only necessary to admit that the pressures 
arising from the shock at the snrface of the niiro- 
^ycerine are too sadden to be uniformly transmitted 
throughout the mass, and that consequently the con- 
Tersion of kinetic energy into heat take place mostly 
in the layers reached by the shock. If this is violent 
enough, these layers will be thus suddenly raised to 
near 200°, and mil immediately decompose, giving rise 
to a large amount of gas. The production of this gas is 
in its turn so sudden that the weight has no time to 
be displaced, and the sudden expansion of the products 
produces a new shock, more violent than the former, 
on the layers situated below. The kinetic energy of 
the new shock is converted into beat in the layers 
which it first reaches, and causes their explosion ; and 
this alternation between a shock developing kinetic 
energy, which is converted into beat, and a prodnction 
of heat, which raises the temperature of the heated 
layers to the degree of a new explosion, capable of re- 
producing a shock — this alternation transmits the re- 
action from layer to layer throughout the entire mass. 
The propagation of the deflagration thus takes place 
In virtue of phenomena comparable to those giving rise 
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to a Bonud wave, that is to Bay, by prodncing an 
anqnestionable explosion wave, which travels frith a 
velocity incomparably greater than that of simple 
inflammation, cansed by the contact of an ignited body, 
and taking place under conditions where the gases 
eq)and freely, in proportion as they are prodnced. 

In fact, the reaction set up by a preliminary shock 
is propagated with a velocity which depends on the 
intensity of that shock. 

It results that the explosion of a solid or liquid may 
lie developed according to an infinite number of 
different laws, each of which is determined, cteteris 
paribus, by the original impalse. 

The more violent the initial shock, the more sadden 
the oombnstion, and the greater the pressures during 
decomposition. 

6. Burning and EzploBion. 
There is no absolute line of demarcation. Pro- 
gressive combustion (properly so called) or progressive 
burning occurs where the cooling due to vessels or to 
inert matter lowers the temperature as far as is con- 
sistent with the continuation of reaction ; all the heat 
produced is dissipated, except the fraction necessary 
to propagate the reaction in the next uncombined por- 
tions. This was the case in Bnnsen's experiments. 

Explosion Wave. 

Berthelot and VieiUe's experiments prove the existence 

ol a new kind of undulatory motion of a mixed order. 
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prodnced by the concordance of impolses both physical 
and chemical in the interior of the substance trans- 
formed. An explosion wave is produced, that is, a cer- 
tain regular snr&ce in which transformation occors, 
and undergoes the same conditions of combination, 
temperatnre, pressure, &c. 

This snr&ce once prodnced travels from layer to 
layer in the entire mass, in consequence of the trans- 
mission of suecessire shocks of the gaseous molecules, 
brought into a state of most intense vibration from the 
heat disengaged in their combination, and transformed 
in situ or more rigorously vith a slight relative dis- 
placement. 

Chah4ctbb op the Explosion Wave. 

1. Its velocity is uniform. 

Experiments with tubes closed or open at one 
or both ends give the same velocity. 

2. Velocity depends on the nature of the explosive 

mixture, and not on the nature of the contain- 
ing tube. 

3. Telocity is independent of diameter of tube; above 

a certain point no. sensible alteration between 
6"™ and IS""" diameter. 

4. Velocity independent of the pressure, as is the 

case in the sound wave. 
6. Thermal relation which exists between the velocity 
and the chemical constitution of the gas is more 
difficult to establish; it depends on temperatures. 
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whose valnation is uncertain, on acconnt of dls- 
Booiation and nncertainty of specific heats of 
gaseB at high temperatures. 
Ho'wever we can conceive the theoretical relation 
which determineB the velpcit; of the explosion wave if 
we remark that the total energy of the gas at th» 
moment of explosion depends on its initial tempera- 
tare, and the total heat disengaged daring com- 
bination. 

These two data determine the ahsolate temperature 
of the system which is proportional to the vis viva 
(^ mv^) of translation of the gaseoas molecules. 

In other terms the excess of vis viva communicated tO' 
the moleonles in the act of chemical combination is 
nothing else than the heat itself disengaged in the 
reaction ; the pressure exerted by the molecules on the 
walls of vessels is the immediate representation of it, 
according to existing theories. We then arrive at a 
stage where the two classes of ideas, mechanical ideas 
and thermal ideas, tend to be no longer distinguish- 
able. 

Let us specify this conversion. The velocity of 
translation of the molecules at the moment of combina- 
tion iB proportional, in conformity with the relation of 
kinetic energy, to the sqnare root of the ratio of the 
absolute temperature by the density of the gas referred 
to air, thus according to Glansins 

e = 29-364 "^ 'V — 
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In reality tbe phyaical notion of temperature dooB 
not enter into this calcalation of the velocity, vhieh only 
expresses that the vie viva of molecular translation of 
a gaeeona syBtem prodooed by reaction and containing 
all the developed beat is proportional to the vis viva of 
translation of the same gaBeoos Bystem containing only 
the heat ivhich it has at sero. Ihna it seems that in 
the act of explosion a certain number of molecales 
among those -which exist in the layer at fasi ignited are 
shot forward with the whole velocity corresponding to 
the maximnm temperature, developed in the combina- 
tion ; their shock causes the reaction to occur in the 
next layer of gas and the motion is transmitted from 
layer to layer vrith a velocity, if not identical with, at least 
comparable to the velocity of the molecales themselves. 

The transmission of the kinetic energy, in these con- 
ditions of extremely rapid action, jnay take place more 
readily between gaseons molecules of the same nature, 
in virtue of a sort of unison which co-ordinates similar 
motions, than between the molecules of a gas and the 
enclosing wall. The action is different in the case 
where the system in ignition has time to lose heat, 
communicated to other gases or to neighbouring bodies 
not susceptible of experiencing the same chemical 
transformation. 

The velocity of explosion of H and is the same in 
tubes of -005 and '085 metre diameter, viz. about 
2,800 metres per second; with tube '0015 metre the 
velocity is 2,841 metres. 
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EXPLOSION WAVE. I?I 

On THB DnuTioK PKsoBDma THE Eetabubhhekt op thb 
Explosion Watb. 



Distance of registering 
pirton from point of 

Metree. 


Times olHerred. 


Mean velocity. 


From origin. In eachintem 


■02 




■000175 


73-72 73-7 


'OS 




■000342 


146-3 448- 


"5° 




■000541 


934-4 2261- 


5-25 




•ooaioS 


2491-0 303I' 


30*190 




■oo76ao 


2649- 2710- 


40-43 




■015100 


3679- 2706* 



The velocities rapidly increaEe ap to the 5th centi- 
metre, beyond which they are practieally conBtant mthin 
limits of error. 

The inflaming spark mast be powerfnl, otherwise the 
preliminary variable state may be much longer. 

With H-f + 3 Na velocity of 41-9 met. was got for iBt 3 oentim. 
„ „ „ 1068- „ next 5-35 met. 

» II 11 1163- „ „ 10- met. 

Limits of Dbtohatiou. 
H. Air. 

HydKwen i "^33 '767 Telocity 1205 metres per see. 
\ '317 -783 No propagation. 

(CO-l-O Telodtj 1089 metres per sec. 

3 CO + K, + No propagation, 
2C0+N,+0. Same. 
CO -(- N, + Negative reenlts. 
Marshflas i CRt-i-^'S.+O, Velocitj 1151 metres per sec 
\ 0H^ + 7'5N+O, No propagation. 

The limits would probably be lower, if experiments 
were made nnder preBsnre, and if stronger charge of 
fulminate were used to produce ignition. 
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ITS THEORY. 

Sometimes the flame after exploBion wave ceaaea, 
rnits back in the tabe, eBpeciallj in nairo^ tubes, 
which shows that limit of exploaioii is different from 
eombnstion limit. 

Thaa : — 

Detotmtiou limit. Combustion linit. 

GO Below 40 and errea 60 per cent. Below so per cent. 

HandO Below 33 per cent 1, 6 „ 

Since the found Telocitiee so nearly agree with 6 from 
Clausius' equation, the molecules maat retain nearly the 
total possible heat, and therefore dissociation can play 
but a small part in these experiments, probably on 
account of the high preaaure and short time. 

Also the velocity is independent of pressure, and 
therefore if diBsoeiation occurs it mast be independent 
of presBure. 

GXPLAKITIOK OF TaBLES. 

i8t Column. Composition of mixtnie before experiment. 

2nd „ <l> Density of prodncts after combnBtion air = i. 

3rd ,, N The molecular TolumeB of the elements, supposed 
gaseons, entering into the reaction. 

4th ,, Q The heat envoWed ; water being enpposed gaseous. 

5th „ VQ The square root of Q. 

6th „ ■ ^ — , 6'8 being the constant of specific heats of 
elements at const, pressure ; it is the tenqi. 
T of the reaction. 

7th „ ^ Given from Clanslns' equation for molecular velo- 
city of translation 6 = 19-354^/ 

Sih „ V Velocity fonnd in experiment 
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VARIATION OF COMBUSTIBLE. 
A Single Combustible Gab with Oxyqbn. 



Mixture. 
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Two COMBUSTIBLH GiSES ASSOCIATED WITH 0. 



Hixtore. 
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CoMBTjffriBLB Gases with and 


Ihbet Gases. 
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CHAPTER Vm. 

clebk's thxoby of the OAB EUaiNB. 

Wa have previously referred to the theory of the gas 

engine advanced by Mr. Dngald Clerk, -who divides gas 

engines into the three well-defined types of engines : — 

1. An engine drawing into its cylinder gas and air 

at atmospheric pressnre for a portion of its 
stroke, cutting off commnnication with the 
oater atmosphere, and immediately igniting the 
mixtnie, the piston being pushed forward by 
the pressnre of the ignited gases during the 
remainder of its stroke. The in-stroke then 
discharges the products of combustion. 

2. An engine in which a mixture of gas and air is 

drawn into a pomp, and is discharged by the 
return stroke into a reservoir in a state of 
compression. From the reservoir the mixture 
enters into a cylinder, being ignited as it 
enters, without rise in pressure, but simply 
increased in volume, and following the piston 
as it moves forward, the return stroke dis- 
charges the products of combustion. 

3. An engine in which a mixture of gas and air is 

compressed or introduced under compression 
into a cylinder, or space at the end of a 
cylinder, and then ignited while the volume 
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remainB constant and the pressure rises. 

Under this pressure the piston moves 

forward, and the return stroke diBcharges the 

exhaust. 

Several minor types have been proposed, and many 

modifications of these three methods are used. A 

thorough Tmderstanding of these, however, renders it 

possible, says Mr. Clerk, to jndge the merits of any 

other. 

Types 1 and 8 are explosion-engines, the volnme of 
the mixture remaining constant while the pressure 
increases. Type 2 is a gradual-combustion engine 
in 'which the pressure is constant but the volume 



Mr. Clerk, in the course of his experiments on gas 
engines, has found that 1,537° Centigrade is the .tem- 
perature usually attained by the ignited gases in his 
engine, and he has accordingly investigated the 
behaviour of air under different conditions at this 
temperature. 

Type 1. Suppose an engine to have a piston with 
an area of 144 square inches and a stroke of two feet. 
Let the piston move through the first half of its stroke 
drawing into the cylinder air; let enough heat be 
immediately added to this air to cause it to rise 
instantly to 1,537" Centigrade, and the piston con- 
tinue moving forward under the pressure produced. 
If there be no loss of heat through the sides of the 
cold cylinder, but the temperature of the aii Ml only 
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ihToagb performing work, how mnch work would be 
-done Trhen the piston completes its ont-stroke? 

The air before the beat is added ia snpposed to be 
at a temperature of 17° Centigrade (abont 60° Fahren- 
iieit) and the ordinary atmospheric pressure. In 
Fig. 70 the line marked adiabatic Mo. 2 is the cnrre 
showing the work which would be obtained under the 
^apposed conditions. Fig. 71 is the indicator diagrun 
sDch an engine would famish. It is not necessary 
liere to detail the calculations. The following are the 
jesnlts : — ■ 

I cnbic fiwt of air (at ly" Centignde, and 76o\ 
millimetres mersory) remAining at constant I r f ik<, 

Tolume requires to heat it to 1,537° Centi- T"^'?^' foot-lbs. 
grade, an amount of heat equivalent to .../ 

Maximnm presanra in lbs. per eqnare inch) 

ahcre atmoBphare ) 76-6 Iba. 

Pressore at the end of Btroke per aqiiare inch) 
above atmosphere ) ^^ 

"Mean piessore during available part of stroke 39'$ lbs. 

Temperature of aii at end of stroke 1,089' C* 

Work done on piston 5731 fbot-lbs. 

Daly of engine - 1'-^ = o'2i. 

As the engme is supposed to draw in air for half of 
5tB stroke, the last half of the stroke only is utilised 
for power ; the mean available pressure calculated for 

the whole stroke is only -g— = 19-9 lbs. per square 

inch. There is a considerable pressure at the end of 
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the stroke 'wbich could be made to give more ■work by 
expanding further ; but for the pnrpose of comparison 
it is better to consider the three types of engines as 
each having a cylinder-capacity swept by the piston of 
two cnbic feet, and in each ease nsing in its operation 
one eabic foot of air at each stroke. 

Type 2. Snppose an engine to draw into a pump one 
cnbic foot of air, on its return stroke forcing the air 
into a reserroir at a presBure of 76-6 lbs. per sqnare 
inch above the atmosphere. The motor-piaton is now 
at the beginning of its ont-stroke, and as it moves 
forward, air from the reservoir enters the cylinder, bnt 
as it enters it is heated to 1,537° Centigrade, withoni 
rise in pressm-e ; the motor-pkton sweeps throagh 
two cnbic feet. 

Fig. 72 shows the indicated card of this engine, a b 
cdiB the pump diagram. Air at 17° Centigrade is 
taken in, compressed without loss of heat, the tempera- 
tore rising under the compression to 217'''6 Centigrade. 
When it is equal to the pressure in the reservoir it is 
forced into the reservoir, as is shown on the line b c. 

In all the operations no loss or gain of heat is 
asBumed, except in doing work or in work being done 
on the air. In the motor-diagram from C to E the air 
IB flowing from the reservoir following the piston, and 
the temperature is 1,637" Centigrade during the whole 
admission. At e the communication with the reservoir 
IB cot off, and the temperature faUs while the air is 
expanding doing work, until it reaches the end of the 
H 



178 THEORY. 

stroke, vhen the ezhaoBt is diBcharged by the return- 
stroke of the piston. 

Tor convenience the pump-diagram is Bhown on the 
motor one, and the shaded porti(m represents the work 
done by the air as the result of the cycle. As the heat 
is added while the air expands in volmne, it takes con- 
siderably more to raise a cabic foot of air to the re- 
qaired temperatore than in the case of type 1. 

I cubic foot of air (17° Centigrade and ^6o\ 

nullimetxes moTcnry) at constant proBeare 

requires to heat it from the temperature of 1-32,733 foot-lbs. 

comproBsion 2i7"S° ^ i'537° Centigradel 

heat eqaivale&t to ... ... ... .../ 

MftTimnni presanro in lbs. per square incli\ 

aboYe atmosphere J ' 

PresBure at end of stroke above atmosphere... 19*6 Iba. 
Mean presBore during available part of stroke 47-ilbB.persq.iD. 
Temperature of air at the end of Btroke ... 1,089* Gentigr. 
Work done on piston 11,759 foot-llm. 

Duty of engine ' = o'36. 

TyiJe 8. Suppose an engine to draw into a pnmp 
one cubic foot of air, on its return stroke, forcing it in- 
to a reservoir at a pressure of forty pounds above the 
atmosphere. The motor-piston is now at the beginning 
of its out-stroke, and as it moves forward air from the 
reservoir enters the cylinder while the piston sweeps 
through 0-39 cubic feet. At this point communication 
is cut off, and the temperature suddenly raised to 
1,637° Centigrade. Hitherto the air has remained at 
the temperature of compression 160°* 6. The pres- 
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sure goes straight np to two bimdred and twenty 
pounds above atmospbeie. This is shown at Fig. 70, 
snd also at Fig. 78, which is the diagram of this type 
of engine, ah c diB the compression diagram ; abef 
ihe motor diagram. The piston continaes to more for- 
ward, and the air expands doing work. At the end of 
the stroke the pressure has &Ilen to 8-4 pounds per 
flqaare inch above the atmosphere. 

I cnbic foot of air (17° Centigrade, and 760^ 

millimettes mercury) at oonBtant volmne 

require to lieat it from the temperatnra of }-34'4i6 foot-lbs, 

compression is°'S' Centigrade to iiSS?"! 

Centigrade heat, equivalent to ) 

MftTimnm pressure in lbs. per square inch) 

above atmosphere J 

PresHure at end of stroke 8'4 lbs. 

Mean presaore dnring available part of stroke 47'Slb3.perBq.in. 

Temperature at middle of stroke 953' Centigrade. 

„ end of stroke 648" 1, 

Work done on the piston 11*090 ibot-lbs. 

Duty of engine ^^^ = 0-45. 

Fig. 74 shoTS the most important modification of 
this type ; in ft, instead of a separate reservoir, a space 
is left at the end of the cylinder, into which the piston 
does not enter, and in this space the gases forming the 
inflammable mistnre are oompressed. The rise in 
pressure therefore commences at the beginning of the 
fitroke instead of when the piston has travelled ont. In 
this diagram the volume swept by the piston and the 
clearance space together are sai^sed to be equal to 
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two cnbio feet. Gompanng the reenlts obtamed from 
these three modes under precisely similar conditionSr 
the same weight of air heated to the same degree, and 
nsed in cylinders of identical capacity, there is a con- 
siderable difference ia the resnlts possible eyen under 
the purely theoretic conditions stated. 

The relative work obtained from one cubic foot of air 
heated to the assumed temperature is shown below. 

BesuLTS FBOM EnanfBS of equal toluue swept bt 
MoTOK- Piston. 

Type I. 5,751 foot-lbs. work obtained ... o'ai dnt^r. 
» 2. 11,759 » » ■■■ o'i^ " 

„ 3. 11,090 „ „ ... o'4S >• 

That is, in an engine of type 1, if one hmidred 
heat-units he nsed, twenty-one units will he eonverteii 
into mechanical work. In type 2, with the ^ame 
amount of heat, thirty-sii units will be given as work, 
and in ,type 8 no less than forty-five units wonid be 
converted into work. 

The great advantage of compression over no com- 
pression is clearly seen ; by the simple operation of 
compressing before heating, the last type of engine 
gives for the same expenditure of heat 2*1 times a& 
much work as the first. Compression, as used by the 
second type, does not afford so favourable a result ; 
but even then the advantage is apparent, 1*6 times the 
effect being produced. By a greater degree of com- 
pression before heating even better results are possible. 
In an engine of type 9 expanding to the same 
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Tolome after ignition as before compression, the possi- 
ble duty D is determined by the atmospheric absolnte 
temperature T', and the absolnte temperature after 

T — T' 
compression T ; it is D = — = — whatever may be the 

maximum temperature after ignition. Increasing the 
temperature of ignition increases the power of the 
engine, but does not^canse the conversion of a greater 
portion of beat into work. With any given maximum 
temperature the smaller the difference between that 
temperature and the temperature of compieaaion, the 
greater is the proportion of added heat converted into 
work with any given amount of expansion. The greater 
the compression before ignition, the more closely the 
two temperatures come together, and the higher is the 
duty of the engine ; neglecting in the meantime the 
practical conditions of loss. What compression does, 
is to enable a great fall of temperature to be obtained 
due to work done with but a small movement of the 
piston. In type 1 when the piston has reached the end 
of its stroke, the increase from the moment of ignition 
is only from one volume to two volumes ; while in type 
S, with the same total volume swept by the piston, it 
increases from one volume to five volumes. In the one 
case the ratio of expansion is two, while in the other it 
is five. This will be readily seen in Figs. 71 and 73. 
Now this increased expansion is not obtained at the 
«ost of loss of average pressure ; in type 1 the mean 
available pressure over the whole stroke is nearly 
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20 lbs. per square inch, while in type 3 it is 38-5 lbs. 
per sqnare inch; that is, the eompression-engiue for 
equal size and piston speed has nearly twice the power 
of the other. 

la the compression-engine with a maximiini temper- 
atnre of 1,637° Centigrade, the final temperature 
is 648° Centigrade, while in the other, with the 
same maximnm temperatnre, the final temperature is 
1,089° Centigrade. It is true that by expanding suffi- 
ciently the same final temperature can be obtained 
withont compression, bnt the average presBiire will be 
low, and conBegaently less available for the production 
of power. To produce anything like an expansion of 
five times without compression the presstire would fall 
below the atmosphere, and it would be necessary to 
expand into a partial yacum, and use a condenser and 
vacuum-pump, as is done in the steam engine. Com- 
pression makes it possible to obtain from heated air a 
great amount of work but with a small movement of 
piston, the smaller volume giving greater pressures, 
and thus rendering the power developed more mechani- 
cally available. The higher the maximum temperature 
the greater the amount oY compression which can be 
used advantageously. There is a degree of compres- 
sion for every temperature, beyond which any increase 
causes a diminution of the power of the engine for a 
given size. 

The compression in Clerk's engine is 40 lbs. per 
square inch above the atmosphere, and he has accordp 
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ingly confined himself to the couparison of engines 
employing this amonnt of compression 'with those using 
no compresBion. Now, aeaing that this difference is 
produced hetween engines of types 1 and 3 by the sim- ■ 
pie difTerei^ce of cycle, irhen there is no loss of heat 
through the sides of the cylinder, the question arises 
which engine would give the greatest effect, which 
engine in actual practice, with a cylinder kept cold by 
water, would come nearest to theory ? In which of the 
engines would there be the smaller loss of heat ? 

The amount of heat lost by a gas in contact with its 
enclosing cold sarfaces depends, first, on the difference 
in temperatore between the gas and the cooling 
surfaces ; secondly, on the extent of surface exposed ; 
and, thirdly, on the time of exposure. It would be 
very difficolt to make an accurate numerical comparison 
between the engines, but all to be shown is, that in the 
one the loss of heat must be less than in the other. 

To compare the two engines, take equal movements 
of the pistons bosa a maximum temperature of 1,587° 
Centigrade. In the engine working without a com- 
pression this temperature is attained at the middle of 
its stroke, when the piston has moved through 1 cubic 
foot ; the average temperature, while it moves to the 
end of its stroke, is about 1,800° Centigrade. 

Now, in the compression-engine the maximum tem- 
perature is attained at a point when the piston has 
moved through 0*39 cubic foot : suppose it to move to 
l'S9 cubic foot, it has moved through 1 foot in the 
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same time as the first engine. Then, as the temper- 
ature at the middle of the stroke is 968° (Fig. 78) it 
follows that the average daring this movement is not 
higher than 1,000° Centigrade, bat the space contain- 
ing the heated air has increased from 0*39 cubic foot 
to 1*39 cubic foot, and with it the cooling surface; 
whereas the space containing heated air in the first 
engine has, during the same amount of movement, in- 
creased from 1 cabic foot to 2 cubic feet. It follows 
that as the iempeTaturo in the compression-engine ia 
1,000° Centigrade dnring the same time as the temper- 
ature in the first engine is 1,800° Centigrade, and as 
the surface in it for cooling is also less, the amount of 
heat lost by the air must be less in the portion of the 
stroke under consideration. Daring the portion of the 
stroke remaining, 0-61 cubic foot, the temperature of 
the heated air is low, falling to 648° Centigrade at the 
end of the stroke ; it follows that very small compara- 
tive loss results. Altogether the loss of heat by the 
compression-engine will be the least. 

It will be seen from Fig. 70 that there is a farther 
cause of advantage. While the preBBure and tempera- 
ture are falling on adiabatie lino 1, the work done by 
1 cubic foot of air on expanding to the middle of the 
stroke at a temperature of 458° Centigrade is 7,888 
foot-pounds, from 968° Centigrade to 648° is 8,202 
foot-poands, that is, 7,888 foot-pounds of work are 
performed by the engine during a movement of the pis- 
ton equal to 0*61, while in the engine withoat com- 
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preBsioii a movement of I'DOcabio foot only does 5,731 
foot-ponnds. 

The compreaaion-engine during this portion of its 
stroke has converted the heat entmsted to it into woik 
at twice the rate of the other engine. This is a great 
point. Any method which converts the heat into work 
with the utmost possible rapidity, by reducing the time 
of contact between the hot gases and the cylinder, 
saves heat and enables the theory of the engine to be 
more nearly realised. 

Taking all circnmstances into consideration, it is 
certainly not over-estimating the relative advantage of 
the compression-engine to say that it will, onder prac- 
tical conditions, give, for a certain amount of heat, 
three times the work it is possible to get from the 
engine using no compression. 

It will not he necessary to discuss the theory of type 
2 in respect of loss of heat to the sides of the cylinder, 
as it is not mach used, and has hitherto failed to yield 
results in any way equal to type 8. It will be seen, 
however, from Fig. 73, that the conditions are not so 
favourable for a minimum loss of heat as in type 8. The 
temperature &om the moment of admission at c, to the 
point of cat-ofFat e,is kept constant at 1,5 3 7° Centigrade, 
80 that the loss of heat must be great, both the surface 
e^osed and the mean temperature being high. It is 
the less necessary to diseusB this point in the slow- 
eombustion engine, as the possibility of using a hot 
cylinder and piston reduces the loss by attaining a 
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temperatnre not fax removed from the entering 
air. 

It will be inteteBting to calculate the amoimts of 
gas leqnixed by these three types under the supposed 
conditions, and for this purpose an analysis of Man- 
chester gas,- and also of London gas, has been used as 
the basis of calcalation. 



rsis OF Maschsstxb Goal Gas, bi Bdnseh aitd Boscoe 


Hydrogen ... ... . 


- ... 4S-S8 


Marah-gas 


... 3490 


Garbonio oxide 


... fi-64 


Olefiaut gaa or ethylene ... 


. ... 4-o8 


Tetiylene 


. ... 2-3S 


Sulphnretted hydrogen ... 


0-29 


Nitrogen 


. ... 2-46 


Carlwiiic add 


. ... 3-67 




loo-oo toIb. 



Of this gas, 1 lb. at atmospheric pressure and 17** 
Centigrade measaies 90 cubic feet, and evolves on 
complete combustion 10,900 heat-units Centigrade, 
equivalent to 15,146,640 foot-Iba. 1 cubic foot of 
this gas will therefore evolve on complete combustion 
heat equivalent to 

16,146,640 _ 



80 



: 604,888 foot-lbs. 



To obtain an idea of the difference in heating-power 
of the different gases, there is given here a recent 
analysis of London gas. 
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Ahaltbib 


or Loudon Coal Gab. 






(A.) 


(B.) 


Hydrogen 


5005 


51-14 


Marsh-gaa 


33-87 


35-=S 


Carbonic oxide 


12-89 


7-40 


OlefineB 


3-87 


3-56 


Nitrogen 


— 


2-24 


Carbonlo acid... 


o'S" 


0-38 



Taking the average of the two analyses, 1 lb. weight 
of this gas at atmospheric preasiire and 17° Centigrade, 
measnreB 35*5 cable feet, and evolves on complete 
combastion 12,500 heat-nnits Centigrade, equivalent 
to 17,370,000 foot-lbs., 1 cnbic foot of this gas will 
therefore evolve, on complete combastion, heat eqaiva- 
lent to ^ 

17,870,000 ^^^ „^^ ^ ^ ,^ ^iO^TC^ 
gg.g = 489,268 foot-lbs. 

The difference between the heat evolved by these 

gases is bat small. As Glasgow coal gas is of a high 

illaminat'ing power, it will be richer in olefines, and the 

heat evolved per cabic foot will be somewhat greater. 

Taking 505,000 foot-lbs. as the amount of heat evolved 

by 1 cubic foot of coal gas, the resalt is probably very 

near the average to be obtained from the coal gas of 

most towns. The nomber of foot-lbs. required for one 

horse-power for one hour are 33,000 x 60 = 

1,980,000. It therefore follows that if the whole 

heat to be obtained from gas were converted int<> 

mechanical work, 1 horse-power for one hour requires 

1,980,000 „„„ ^. , . 
-gQg^5^ = 3-92 cubic feet. 
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Now, taking the three types of engineB, the amoniit 
of gaa reqnired by each to giye 1 IHP. per hoar ■would 
he aB follows : — 

Amodht op Gas Heqcikbd bt ihh Thbg£ Ttpbs or Ehgdie. 
Tjpe I. - — ^=i8'3Ciibicfeetpet HP. perhonr. 

Types- 1^=8-6 .. 

If these eiiginea he worked without loss of heat 
through the sides of the cylinders, bat the expanding 
gases falling in temperature only through doing wort, 
the above results would be obtained. 

It is interesting to compare the consumption of gas 
by the engines in actual practice, to see in what order 
it stands. Eesolts have not been obtained from engines 
of equal volome swept throngh by the piston, hnt it ia 
at ODce seen that the order is in accordance with what 
is reqnired by theory. 
AuoDNT or Oa3 Constjued bt tee Three Ttpes of Enqisb 

HiTHEKTO IN PaiOTICB. 

1. lienoir 95 cable feet per indicated HP. per hour. 

Hugon 85 „ „ „ 

2. Brayton 50 ,, ,, ,, 

3. Otto 21 

For the Lenoir and Hngon engines the results of 
experiments by M. Tresea, of Paris, have been taken, 
as stated, by Professor Thurston and the late Professor 
Bankine. 
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For the Brayton engine has been taken the resnlt 
obtained by Professor Thnrston, corrected for an error 
into which he has &Uen. He states the consaniption 
of the engine to be 82 cubic feet per IHP. per hour, 
and then goes on to say that on the brake 4 horse- 
power is obtained, while 8"6 is indicated. He has 
neglected to deduct from the gross indicated power in 
the cylinder, the pump-resiBtance, and thus calculates 
the consumption on the gross indicated, instead of on 
the available indicated power. The available indicated 
power is not more than 5-2 horse power, and the con- 
sumption is not less than 60 cubic feet per IHF. per 
hour. 

For the Otto engine have been taken the figures 
given by Mr. F. W. Crossley. It is seen that the results 
are much what would be anticipated from the theory 
already developed. The difference between types 1 and 
3 is greater than theory would indicate ; but at the time 
the Lenoir engine was in use, the imperfection of the 
igniting arrangements and the rapid heating of the 
piston, and consequently of the entering gases, made 
its action diverge much more widely from theory 
than is the ease with the Otto. The latter engine 
not only has the advantage of a better theoretical cycle 
but the arrangements are of a nature to secure a 
greater perfection of action, and consequently a still 
closer approach to theory. An amount of about 18 per 
cent of the heat need by it is converted into work, but, 
only 8*9 per cent, by the Hagon engine. 
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190 THEORY. 

In types 1, 2 and 3, which have been discnssed, 
it has been assamed that in each case the expansion 
doing work was carried to twice the volume of the air 
compressing. 

Fig. 75 is a diagram from one of Clerk's engines 
which belongs to type 3. It will be observed that 
in this engine the expansion ia only continued ontil 
the volame of the hot gases becomes equal to the 
volume before compresBion. 

Taking the amount of work to be obtained from a 
cabic foot of air compressed to 40 lbs. above the 
atmosphere, and then heated to 1,587° Centigrade, 
expanding as the piston moves to its volame before 
compression, and then exhansting, it will be foond to 
give the following resalts : — 

I cabic foot of Eiir (17* Centigrade and 760 

millimetres mercnry) at constant voliime 

reqniiee to heat it finm the temperatare of 

GompresHion i$o-^ Centigrade to 1,537° 

Centigrade, heat equivalent to . 
ISaximnm pressure in lbs, per BOtiate inch) 

1.1. f 220 lbs. 

above atmosphere ) 

Pressure at end of stroke is lbs. per sq. inch . 49 lbs. 

Mean pressure dnring available part of strokel 

above atmosphere f ' 

Temperature at the end of the stroke . . 953° Centigrade 
Work done on the piston .... 7,888 foot-lbs. 
J^„^ 7'^88 

Now, the work actoaUy given by 1 onbio foot of 
combostible mixtore in Clerk's engine, as will be seen 
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24,416 £>ot-lbs. 



CLERKS ENGINE. igi 

from Fig- 76, is 6,861 foot-lbs. The fall lines are the 
diagram-lines &om the engine; the doited lines are 
the lines of compression and expansion without loss 
or gain of heat, except by work done on or by the air 
nnder similar conditions of temperature and com- 
pression. It mil be observed that the compression 
line and the dotted line are Tery close together ; no 
heat seems to be lost to the sides of the cylinder 
daring compression ; the loss of heat to the water- 
jacket is balanced by the gain of heat from the piston, 
whieh most necessarily be much hotter than the 
cylinder-sides, as it only loses heat by contact ■with 
the cylinder and by the circalation of air in the 
tronk. The temperatare attained at the commence- 
ment of the stroke is in both oases identical, 1,537° 
Centigrade ; the temperatare at the end of the stroke 
viihoat loss of heat is 963°; the temperature in the 
cylinder at the end of the stroke is 656° Centigrade. 
This appears a very small loss of heat from a flame 
filling the cylinder, considering the snr&oe exposed 
and the great difiEerence of temperatare between the 
ignited gases and the enclosing walls. Is it to be 
concluded, then, that the loss of heat to the cylinder 
daring the time of the forward stroke is only 963° — 
666" = 297°Centigrade. On this assumption the duty 
of the engine would be — 



6,851 
24,416 ~ 
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and the comsamption of gas per indicated' HP, per 
honr wotild be — 

Mse = ^^"^ °'''''° '"" • 

bat the oonBomption is 22 cnbic feet per indicated HF- 
per hour, bo that there has in some way been lost 
mnch more heat than is to be accounted for by the 
temperatures as determined by the diagram. The 
duty of the engine is — 

8-92 

-^ = »-178. 

The duty of the engine expanding to the same 
volume as the mixed gases before compression is — 

Gas required 
per IHP. per honr. 
Cubic Feet. 
Duty mthont loss of heat to eidea of cylinder o'333 la-i 
Duty mth loss of heat as shown by dl^pram . 0*286 lyj 
Duty as determined by e^eriment . .0*178 22-0 

Now, the number of cubic feet of combustible mix- 
tore repaired to produce 1 HP. for one hour in Clerk's 



6,861 



The amount of gas in the engine per cubic foot of 

22 1 

mixture, SgQ = 0*0761 cubic foot, or y^ of the total 

Tolome of gaseous mixture passed into the engine. If 
only the amount of gas necessary to heat the air to 
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the reqnired temperatare Ib present, 1 cubic foot re- 

qoires 0*0482 cable foot of coal gas, or aboat xr- of 

its Tolnme ; that ia, although to heat op a cubic foot 
of inflammable mixture from 150° Centigrade to 
1,687° only 0'0482 cnbic foot of coal gas is required, 
yet although there is present 0*0671 cubic foot, or 
1-68 times the amount necessary, the temperature does 
not rise any higher. Why is this ? 

Before going into the question, it is better tO' 
determine as nearly ^s possible what becomes of 100 
heat-units used by the engine. The exhaust being 
discharged at a temperature of 666°, and the tempera- 
ture of the air before compression being assumed at 
17°, it follows that the exhaust from 1 cnbic foot 
carries away with it (666 — 17) x 17*61 = 11,253 
foot-lbs. 

The work done by the eabio foot of mixture ia 
6,851 foot-lbs., and the equivalent in foot-lbs. of the 
gas present in 1 cubic foot of explosive mixture ia 
0-0761 X 605,000 = 38,430 foot-lbs. The heat ia 
therefore disposed of as follows : — 

Heat-unita 

Foot-lba. per cent. 

Work done by I cabio foot of miztore . 6,851 17*83 
Hechtuiical eqnivalent of heat discharged) 

with the eihaoHt . . . .) "'^^^ ^9''8 
Mechanical eqaivalent of heat paesmgl 

ihrongh aides of cylinder . . .' '^ 5 9 
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This inTestigation is only approximate. The de- 
termumtion, with anything like poBsible physical 
aceoracy, wonld require an examination of many 
points involving months of continuous wort. For the 
present, however, it is only necessary to diecuBS the 
principles in such a manner as to clearly show where 
original research is required. More than one half of 
the total heat given to the engine passes through the 
sides of the cylinder and is lost. How is this 
enormous loss of heat sustained, while only a com- 
paratively small fall of temperature takes place below 
the adiabatic curve. 

This leads back to the question of what becomes of 
the gas present in excess of the amount necessary to 
raise the temperature to 1,627° which has already 
been noticed. At this ipoint it is necessary to con- 
sider the gas engine as something different from a 
hot-air engine. 

The chemical phenomena attending combustion 
now require consideration. If two volumes of hydrogen 
be mixed with one volume of oxygen (the proportions 
necessary for complete combination of both gases to 
form water), and be ignited in a closed vessel in such 
a manner that the maximum pressure may he measured, 
it will be found that the pressure is a much lower one 
than would be expected if the complete combination of 
the two gases took place at once, and the whole heat 
due to this combination were developed. That this is 
not due to loss of heat to the sides of the vessel has 
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been shofm b; Btmsen. He proved that the rate of 
zise in preeenre is exceedingly rapid compared to tiie 
rate of fall of pressore. The time taken for the in- 
flammation of the whole volnme of mixture ia the time 
of attauimeut of the maximom pressure. In his 
experiments, he nsed only a very small tube, which 
contained a volame of gaseoas mixture, 8*15 centi- 
metres long, by 1'7 centimetre in diameter, and the 
emtire length of this column was traversed' by the 
electric spark, in order that the inflammation of the 
whole mass in the tube might be as nearly instan- 
taneous as possible. In practice he succeeded in 
producing a maximum temperature in so short a time 
as T,inn> part of a second. By examining the light 
from the explosion through a revolving disk provided 
with radiating segments, the rate of revolution of the 
disk being known, he determined the duration of light 
within the tube, and therefore the duration of a tem- 
perature not far removed from the maximum. 

The duration of the illumination was found to be 
ts of a second. A maximum pressure, obtained in 
so short a time, with a duration so relatively long, 
makes it impossible that loss of heat through the 
sides of his tube could have affected his experiments. 
The cause, therefore, of the pressure falling so far 
short of what it would be if the combination took 
place completely, is simply this, that the temperature 
is so high that complete combustion is impossible. 
The temperature, and, therefore, the pressure produced 
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by the combination of any gases, is limited by the 
dissociation or decomposition of their products of 
combustion. 

When any two gases combine, say (H) and (0) to 
prodace water, -what happens is this. The tempera- 
ture rises till a point is reached, when any farther rise 
would decompose the water which is already formed ; 
and if the gases are kept at this temperature, no 
farther combination wiU take place. If the tempera- 
tare is lowered, further combination takes place whilst 
it is low enough to aUow of the existence of steam 
without decomposition. 

The temperature at which steam can exist as 
steam without its partial resolution into hydrogen and 
oxygen gases is not a high one. At 960° to 1,000" 
Centigrade Deville has proved that it commences to 
decompose, and at 1,200° Centigrade, considerable 
decomposition takes place, the amount of decomposition 
increasing as the temperature rises: for each tem- 
perature there is a proportion of steam to &ee gases 
which is constant, and does not change till the tempera- 
ture changes. The same law holds true for carbon 
dioxide ; at high temperature itdecomposes into carbonio 
oxide and free oxygen. 

Bnnsen attempted to determine the temperature 
attained on the explosion of a mixture of hydrogen and 
oxygen, a pure electrolytic mixture. He found that the 
maximum pressure attained by such a mixture is 10 
atmospheres, the temperature before ignition being 
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5° Centigrade. From this he calculated the tempera- 
tore prodaoed, but in doing so, as Berthelot afterwards 
pointed out, he neglected the fact that when these gases 
combine, 3 volumes of the gases form 2 volames of 
steam-gas, and conseqaeutl; if complete combination 
is assumed, and it be sapposed that the presBore is 
produced by steam only, the volume before ignition 
must be calculated at two-thirds of that taken by the 
mixed gases. But as it is known that combination is 
incomplete at the lowest assignable temperature of the 
combustion, and it is not possible to tell the amonnt of 
combination at a given pressure without knowing the 
temperature, this cannot be assumed. 

As in determining temperature by an air thermometer 
it is necessary that the amount of air in the thermo- 
meter should be constant at the different temperatures, 
it is evident that the temperature of an explosion can- 
not be known from the increase in pressure unless the 
chemical changes taking place do not alter the volume 
of gases under observation. 

In calculating the temperatures attained in Clerk's 
engine, this 6ict has been kept in view by him. The 
capacity of the space at the end of the cylinder was 
carefully taken by filling with water and weighing the 
water. As the proportion of the combining gases to 
the excess of oxygen or free nitrogen is very small, 
only one -thirteenth of the whole volume used being 
combustible gas, the space may be considered as simply 
£lled with heated air, and the contraction caosed by the 
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formatiiou of H,0 and CO, neglected, especially as an 
increase in volume follows the combination of the ole- 
fines vith oxygen. 2 volames of H combine with 1 
Tolame of 0, forming 2 volumea of steam. 2 Tolnmes 
of marsh-gas (CH^ require for complete combastion 4 
Tolomes of 0, and form 4 Tolnmee of H,0 and 2 to- 
lames of CO,. 2 volomes of carbonic oxide (00) miite 
with one volnme of 0, forming 2 Tolnmes of CO,. If 
the olefines in coal-gas be taken as of an average com- 
position of CjHg, then 2 volomes require for complete 
combnstion 9 Tolmnes of oxygen, forming 6 volnmes 
of H,0 and 6 volumes of CO,. 

Now, taking the composition of coal gas as below, the 
noted amounts of oxygen are required for combustion, 
and the given volumes of the products are formed — 

H = go voIb. reqniwB 25 vols. = 50T0IS. H,0 produced. 
CH, ^ 33 vols, reqnirea 66 „ = 99 vols. CO, & H,0 „ 
CO = 13 Tols. reqnirea 65 ,, = 13 vols. CO, „ 

CjHj = 4 vols, requires 18 ,, = 24 vols. COj&B[,0,, 
100 -|- iiS'S = 2'S'S gi''6B 186 vols. 

The amomit of contraction due to complete combns- 
tion of this coal gas is small even when burning with 
pure oxygen, 225 volumes of the mixed gases becoming 
186 volumes after combustion. When diluted with 
nitrogen the proportion of contraction is less and in- 
troduces no serious error. With a mixture of one 
volnme of gas to 12 volumes of air, 125 volumes of 
the mixture before combination become 122 volumes 
when completely combined, at the original tempera- 
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tnre^ asmuung the'Tat«^'to: remaia gaBeoUB. If the 
curve of ^ -tlie i^sociatuoi-of water and carbonic dioxide 
were knowB it ijronld be pesBible ioshow on the indicator 
diagram the reserve o£ heat available at each point of 
thefaU. 

What the ^igineer requires of the scientific chemut 
is a carve of the diBBoeiation of water and carbonio 
acid at temperatures rungiDg from the maximom pro- 
duced by eombnstion down to the point at which it may 
be safdy assumed that complete combination is possi- 
ble. 

In Fig. £7 the dotted line shows a &U of temperature, 
by hot air doing work withoat loss of heat through the 
cylinder, and the black line shows the actual &U 
of temperature in Clerk's e£^e, with loss of heat 
through the sides of the cylinder. 'It is evident then 
that the cause of so: n«ar an apparent approach to 
theory is, that at the maximam temperature, complete 
combination of gases with oxygen is impossible, and 
cannot take place until ihe temperature falls. As the 
temperature falls the gases further combine, until a 
temperature is reached at which combination is com- 
plete. 

The loss of heat through the sides of the cylinder is, 
therefore, much greater than would appear from the 
diagram. In calculating the efBcieney of the gas 
engine, aU. previous obs^rvexs have assumed that the 
loss of heat to ihe cylinder is to be obtained from the 
comparison on the iudicatOTrdiagram of the actual 
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ezpanBion-Hne vith an adiabatio line from the same 
maximnm temperature and presBure. ProfeBBor Backer, 
of Leeds, was the firet to point oat the neeeBsity of 
taking into aceoont the phenomena of dieaociatioa in 
making Buch compatisonB. Accordingly, all previons 
eBiimates of efficiency, based on the indicator diagram, 
ate mnch too high. 

The gaB engine, then, difTera from the hot air engine, 
using heated air, in this, that the temperatore is sus- 
tained, notwithstanding the enormons flow of heat 
through the sides of the cylinder, by the continuous 
combination of the diBsociated gases. 

In The Lenoir Gas Engine, a paper read before 
the Franklin LiBtitate, in 1866, by Mr. Slade, it is 
pointed oat that " the temperature at the end of the 
stroke would be 2,156° Fahrenheit (1,180" Centigrade). 
The final temperature, supposing there be no leakage, is 
1,438° Fahrenheit (781° Centigrade), and the difTerence, 
718° Fahrenheit (399° Centigrade), is the quantity of 
heat absorbed by the water-jacket by which the 
cylinder is surrounded." 

" It will be observed that the explosion takes place 
BO late in the stroke that there is a considerable avail- 
able preapure at the end of the Btroke, which of eourae 
is not utilised." 

Now, if the Lenoir engine had only lost this 
amonnt of heat through the aides of the cylinder it 
would hare been very economical and woold have 
approached theoretio consumption ; but the caases of 
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loss are so great that it never did come anything near 
this figure, and an error ie introduced, according to 
Mr. Clerk, throngh neglecting the effects of dis- 
sociation. 

Interesting information, ho'wever, is to be obtained 
&om this paper as to the proportion of gas and air in 
the mixture need by the Lenoir engine. When these 
diagrams were taken the maximum temperature after 
ignition was 1,366° Centrigrade ; now in Clerk's 
present engine the maximum temperature is 1,537°; 
it follows that Lenoir used a more dilated mixture as 
the temperature after ignition was lower. The engine 
could not have been using an ignitable mixture con- 
taining more gas than one-fourteenth of its volume — a 
mixtnra which Mr. Clerk finds to be easily ignited at 
ordinary atmospheric pressure. The statement is often 
made that such a mixture will not explode except it be 
first compressed; this is incorrect, it is possible to 
ignite even a weaker mixture without compression. 
Coquillon* has determined the limits between which a 
mixture of marsh-gas (CHJ and air can be exploded. 
Mixtures of marsh-gas and air in different proportions 
were introduced into a eudiometer and fired by the 
electric spark, with the following results : — 

Marsh-gas, 1 volume ; air, 5 volumes : the spark is 
without effect. Marsh-gas, 1 volume; air, 6 volumes: 
explosion only occurs in a succession of shocks. This 

* Journal of tlie ChemicBJ Societj, toI. i., 1S77, p. 166 ; and Comptes 
Bendtu de rAcad£mie des Scieucea, 1870, vol. zzziii., p. 700. 



.f.:>,GOOglC 



is the first limit of possible explosion ; the marah-gaa 
is in excess. Marsh-gas 1 volnine, and 7, 8 and 9 
Tolnmes of air gave a sharp explosion. With 12, IS, 
14, 15 Tolnmes of air for 1 volume of marah-gaa the 
explosion occnrs, bat grovs gradually veaker. With 
16 Toltunes of air the effect is rednced to a series of 
slight intermittent conunotionB. This is the second 
limit ; the air is in excess. 

In the Lenoir engine the time, from the beginning 
of rise in pressure to the attainment of maxi m u m 
pressmre, is found to be from one twenty-seventh to one- 
thirtieth of a second ; when the ignitions are late it 
takes longer, one-twentieth of a second being required ; 
that is, the flame has spread completely through the 
mass in one-twentieth part of a second. 

ifTow, in Clerk's engine, calculating £rom the moment 
when the ignition port is opening to the flame, to the 
moment of maximnm pressure as found from the dia- 
grams, it has been ascertained that the time occupied 
is an average of one twenty-fifth of a second, a 
time nearly identical with that found for the Lenoir 



If it be admitted that the flame has spread com- 
pletely throngh the mass when the maximnm pressure 
is attained in the Lenoir engine, it cannot be supposed 
that it has not spread in like manner throughout the 
mass of ignitable mixture in the modem compression 
engine. Maximnm pressare is the only outward indi- 
cation of complete inflammation ; by complete inflam-- 
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mation IB not meant the thorot^ chemical comhination 
of the active gases present, bnt the spread of the 
flame through the entire mass. That vhen maximnm 
preBBore has been reached complete inflammation has 
also been attained has hitherto been considered self- 
evident. The theory has been advanced by Mr. Otto 
that in the modem compression-engine attaining maxi- 
mum preBsnre at the beginning of the stroke, the flame 
has not spread throughout the mass of the ignitable 
mixture in the oyclinder; but that &b the piston moves 
forward the pressure ia sustained by the gradual spread 
of the flame. This supposed phenomenon has been 
called slow combustion; if it has any existence it 
should be called slow inflammation. It has a real es.- 
istence in the Otto engine, Mr. Clerk infers, only when 
it is 'Working badly ; hut even then maximnm tempera- 
ture is attained, and very distinctly marks the point of 
completed inflammation. 

The time taken to attain maximum pressure is 
longer in a large engine than in a small one, because 
the distance through 'which the flame has to travel is 
greater. During the investigation already referred to, 
Professor Bunsen determined the celerity of the propa- 
gation of ignition through a pnre explosive mixture of 
hydrogen and oxygen in the following manner : the 
explosive mixture vm allowed to bum from a fine 
orifice of known diameter, and the rate of the current 
of the gaseous mixture was oarefolly regulated by 
diminishing the pressure, to the point at which the 



flame passed back throagh the orifice and ignited the 
gases below it. This paaaii^ back of the flame oeenxs 
vhen the velocity mth which the gaseous mixture 
isanes from the orifice is inappreciably less than the 
Telocity with which the inflammation of the upper 
layers of boming gas is propagated to the lower and 
onignited layers. 

The rate of the propagation of the ignition in pure 
hydrogen was found to be 84 metres per second. In a 
maximum explosive miztore of carbonic oxide and 
oxygen it was not quite 1 metre per second. 

Mallard* haa determined the rapidity of the propa- 
gation of inflammation through mixtures of coal-gas 
and air by this method, and found that the maximum 
rate of propagation was attained with a mixtnre of 1 
volume of coal-gas with 5 volumes of air, and it is 
1*01 metre per second. One volume of coal-gas with 
6-^ volumes of air gave a rate of 0*285 metres, or 11 
inches per second. 

This is the rate of ignition, it most be remembered, 
at constant pressure ; in a closed tube fired at one end 
it would ignite with much greater rapidity. In a 
closed space the conditions of inflammation are quite 
different. The ignited portion instantly expands, com- 
pressing the portion atiU remaining, and thus carries 
the flame further ioto the mass, so that to the rate of 
ignition at constant pressure is added the projection of 
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the flame into the mass by its expansion. To deter- 
mine &om the late of ignition at constant pressore the 
time necessary to completely inflame a given volume of 
mixtnie at constant volume is a very compheated 
problem, which it is probable can only be solved experi- 
mentally. 

Uj*. Clerk has fonnd it possible to ignite a 'whole 
mass in any given time between the limits of one-tenth 
and one-hundredth part of a second, by so arranging 
the plan of ignition that a small volnme of gaseous 
mistore is first ignited, expanding and projecting a 
flame through a passage into the mass of inflammable 
mixture, and thus adding to the rate of ignition the 
mechanical disturbance produced by the entering 
flame. He has succeeded by this means in pro- 
dacing maximum pressure in one-hundredth part of 
a second in a space containing 200 cnbic inches. This 
rate of ignition is too rapid, and would not give the 
engine time to take np the slack in bearings, connect- 
ing-rods, &c. But by firing a mixture with varying 
amounts of mechanical disturbance almost any time 
of ignition can be obtained between ihi and -I'll of a 
second. It does not matter whether the mixture used 
is rich or weak in gas ; the rich mixture can be fired 
slowly and the weak one rapidly, just as may be re- 
quired. The rate of ignition of the strongest possible 
mixtore is so slow that the time of attaining complete 
inflammation depends on the amount of mechanical 
disturbance permitted. 
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According to Mr. Cl«rk, the following are the names 
of the first to propose each type : 

Year. 
Type I. Explosion acting on piston connected to crank 

W. L. Wright 1833 

„ „ free pifiton Borsanti ft Mattenoci 1S57 
Type 3. Compresaion after ignition bat at conetant 

preBSQie . . . . C. W. Siemens i860 

CompreBBion with increase in vol. . F. Millon 1861 
Type 3. CompreBBion witli increase in pressora after 

ignition but at constant Tolnme . F. Millou 1861 

From the considerations advanced, it will be seen 
that the cause of the comparative e£&ciency of the 
modem type of gas-engines over the old Lenoir and 
Eagon engine is to be snmmed up in one word, " com- 
pression." Without compression before ignition an 
engine cannot be piodnced giving power economically 
and with small balk. The mlstore used may be 
dilated, air may be introdaced in front of gas and 
air, or an elaborate system of stratification may be 
adopted, but withoat compression no good efiCect will 
be produced. 

The proportion of gas to air is the same in the 
modem gas engine as was formerly used in the Lenoir, 
the time taken to ignite the mixture is the same, the 
only difference is compression. The combustion, or 
rather the rate of inflammation, is indeed quicker in 
the modem engine because the volume of mixture used 
at each stroke is greater, and yet the time taken to 
completely inflame the mixtore is no more than in the 



D,g,t,.?<i I,, Google 



CLERK'S THEORY. 307 

old type. The caiiBe of the sustained pressure ahoim 
hy the diagtams is not slow inflaiumatioii (or slow 
combustion aa it has been called), but the dissociation 
of the prodncts of combastion, and their gradual com- 
bination as the iemperatoie falls, and combination 
becomes possible. This takes place in any gas 
engine, whether using a dilute mistore or not, whether 
using pressure before ignition or not, and indeed it 
takes place to a greater extent in a strong explosive 
mixture than in a weak one. 

The modem gas engine does not use slow inflamma^ 
tion (or slow combustion if the term be preferred), but 
when working as it is intended to do, completely in- 
flames its gaseous mixture under compression at the 
beginning of the stroke. By complete inflammation is 
meant complete spread of the flame throaghont the 
mass, not complete burmng or combastion. If by 
Bome fault in the engine or igniting arrangement the 
inflammation is a gradual one, then the maximum 
pressure is attained at the wrong end of the cylinder, 
and great loss of power results. 

Compression is the great advance on the old system; 
ihe greater the compression before ignition the more 
rapid will be the transformation of heat into work by 
a given movement of the piston after ignition, and 
consequently the less will be the proportional loss of 
heat throngh the sides of the cylinder. The amount 
of compression is of course limited by the practical 
consideration of strength of the engine and leakage of 
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the piston, bat it ie certain that cotupreSBion will be 
carried advantageously to a mnch greater extent than 
at present. The greatest loss in the gas engine is that 
of heat through the sides of the cylinder, and this is 
not astonishing when the high temperatnre of the flame 
in the cylinder is considered. In larger engines using 
greater compression and greater expansion it will be 
much reduced. As an engine increases in size the 
-volume of gaseons mixture used increases as the cube, 
while the snr&ce exposed only increases as the square, 
so that the proportion of volume of gaseons mixture 
nsed to surface cooling is less the larger the engine 
becomes. Taking this into consideration it may be 
accepted as probable that an engine of about 50 indi' 
catad HF. could be made to work on 12 cubic feet of 
coal-gas per indicated HF. per hour, or a duty of abont 
82 per cent. 

The gas-engine is as yet in its infancy, and many 
Icmg years of work are necessary before it can rank 
^th the steam engine in capacity for all manner of 
uses ; but it can and will be made as manageable as 
the steam engine in by no means a remote future. 
The time will come when factories, railways, and ships 
will be driven by gas engines as efficient as any steam 
engine, and much more safe and economical of fuel. 
Gas generators will replace steam-boilers, and power 
will not be stored up in enormous reservoirs but 
generated from coal direct as required by the 
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The data need by Mr. Clerk in his Paper on 
Theory of the Gas Engine," are 

Specific heat of air at constant vol. . 

„ „ „ pressure 

Mechanical eq^niyalent of heat foot: \ 

Ibe. Cenligrade . . . J 
Specific heat of air at constant toL | 

ui fbotlbs. for I cnbio foot at!- 

17° C. and 760 in.m. barometer J 
Specific heat of air at constant pres-l 

snre in footlbs for i cabic footl- 

from 17° C. and 760 m.m. . J 
Weight of I cnbio foot of air att 

i7''C. and 760 num. . J 

Burning completely in oxygen, the following sob- 
stances are taken as evolving the noted amounts of 
heat in Centigrade anits, per nnit weight of sabstance 
bnmed. 

34.170 

Carbon 8,000 

Carbonic oxide 

Marsh-gas 

Olefiant-gas 



0'i69 ; water i 
0-238 



1389-6 
17-5 foot-lbs. 



24-8 foot-lbs. 



o'075 lb. 
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CHAPTER IX. 

THE GAS ENQINp INDIOATOB-DIAGRAM. 

Fbofebsobs W. E. AintTON, F.R.S., and John Perry, 
K. E., have considered it necessary that help Bhould 
he given to practical men to enable them to nse sach 
ohservationB as they are constantly making, and to 
this end read a paper before the Physical Society of 
London, intended to teach sach men a method of 
obtaining information from the indicator-diagram of & 
gas engine. The following is a condensation of the 
principal parts of this paper : — 

The action in the Otto Gas Engine. — When the 
piston is at the end of its stroke, only what is called 
the clearance-space behind it is filled with flnid. This 
flnid is a mixture of carbonic acid, water-vapoar, and 
nitrogen, whose temperature is about 410" C, if there 
was an immediately previoas explosion. The tempera- 
ture of the clearance space fluid may be anything 
between 410° C. and the temperature of the atmos- 
phere, depending on how recently an explosion has 
taken place. As the piston moves forward it draira 
into the space a mixture of gas and air. At the end 
of the forward stroke the preBsure of the mixed fluid is 
nearly that of the atmosphere ; in the back stroke the 
fluid is compressed. At the beginning of the next 
forward stroke the fluid is ignited, and rapid develop- 
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ment of heat resultB, cauBing great merease in pressure, 
the preseare gradaally dimimshmg nntil, just before 
the end of the forward Btioke, the finid is allowed to 
escape. In the nest back stroke the piston drives the 
flnid ont of the cylinder ^rith the exception of what 
remains in the clearance, and thas completes a cycle 
of operations. Indicator-diagrams show the nature of 
the alterations in pressnre and volume going on during 
the compression and working parts of the cycle ; 
distances measured as abscissfe representing pressur? 
in pounds per square inch from vacuum, and distanoes 
measured as ordinates representing volume of the 
fluid, the unit of volume being the volume described ' 
by the piston moving through one foot of the length of 
the cylinder. 

The shape of the diagram is materially modified by 
the recentnesa of the last explosion, as this effects the 
temperature of the fluid before compression, and so 
modifies the actual amount of the mixture of gas and 
air entering the cylinder. To a less degree the shape 
of the diagram is afEeeted in the discharge part of the 
cycle by the recentness of an explosion, as a recent 
explosion will have given the exhaust passages a higher 
temperature. 

The Nature of the Working Fluid. — For the purpose 
of showing the nature of the working fluid Table I. was 
constructed by Professors Ayrton and Perry. It will 
be seen from this that a mixture of 6-760 cubic feet of 
air and coal-gas becomes, after complete combustion, 
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6*4977 ccbic feet of carbonic EUJid, irater-Tapoor, and 
nitrogen, redaced to the eame pressnre and temperature 
withont condensation of the water-Tapour. Now as there 
is always an excess of air, and as the miztare before 
combustion has added to it nearly six cubic feet of the 
products of previoos combostions, we have something 
like 13'3 cubic feet before combustion becoming 
18*0377 cubic feet after combustion, at equivalent 
pressure and temperatures. The cootraetion is only 
about 2 per cent. We therefore may regard the fluid 
in a gas-engine as a fluid which, however it may 
receive heat, obeys approximately the characteristic law, 

pv 

-=■ constant 

(where p is pressure, v volume, and T the absolute tem- 
perature), in so far as mechanical actions are coacemed. 
That is, we may speak of it as a perfect gas, which 
receives heat from withont, neglecting the &ct that it 
is its own molecular energy which appears as heat. It 
is also approximately true that the ratio of the specific 
heats of the fluid is unchanged by combustion taking 
place. 

In Table 11. is gjven a sinular comparison for 
DowsoQ gas : — 

2-1325 cubic feet of combustible mixture become 
1-9148 cubic feet; 
or, taking into account the clearance-space and its pro- 
ducts of past combustions, we have, say, 
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4 cabic feet becotning S'7818 cubic feet ; 
or contracting by neaj*ly 5)- per cent, of ita volume. 

In Tables III. and IV. are calcolated tbe specific heat 
of a mixture of 1 cable foot of coal-gas, 6*76 cubic feet 

Table HI. — Coal-Qas befobe Goububtion. 



Coiutitaent. 


Amount 
in 
fluid. 


|j 








feet. 


Or 






046 

0-075 
0-3950 
0-0380 
0-0050 
o-oaoo 

576 

4-S 


•"359 
■"37 

■3"7; 

'4106 
•337 
■=984 
■2374 




Carbon monoxide 

Marah-gaa 

OlefiantgaB 


;-54 .", 

J03 „ 

1 ,t 
1-114 „ 


0170 
■"94 
;o.S< 

■0060 
1-3680 
1-1614 


■zi: ;; 

•0771 .. 
-0050 „ 
■0272 „ 
5760 .. 


Water-vapour ... 


Ptodncta 


Total . . 


11SS3 






28079 


12-066 X -168 
or 2-027 




Or 0^=0.2496, C,=oi8o3. Ratio 1-385 | 



of air, and 4*5 cubic feet of products of a previoos 
oombuBtion, before and after combustion takes place. 
The Centigrade Bcale of temperature is employed. 

la Tables Y. and YI. similar calcalations are made 
for the usual mixture of Dowson gas with air and pro- 
ducts of previous combustion. 

The specific heats given are those of the constituents 
in the cold state. Seeing, however, that there is no 
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COAL AND DOWSON GAS. 
Table IV, — Goal-Gas aptbb Combcbtion. 



■ 


Cubic 
feet. 


c.- 


(V 


gc,- 


SCr 


Water-Taponr ... 
Carbon dioxide... 
Nitn^eu 


1-3714 
0-5714 
4-5SS4 


■3984 
■3307 
■2^70 


136 X 168 


■409a 

■1889 
1-0790 


1-865 X"i68 

■8855 » 
4'5S54 » 










1-6771 


7-3059 X -168 

or 1-227 




OrCp=c.-358i, C„=o-i889. Ratio 1*367 | 



Table V. — Dowsoh Gas bepoee Combubtion. 





Uubio 
feet. 
?■ 


CV 


(V 


j(V 


gCr 


Hrdrosen 


■1873 
•2507 
■0031 
■0031 
-4898 
•0657 
1-1325 


2359 
=37 
■3277 
■4106 

•237 
■3307 
■2374 
■2 104 


■99 X -168 

1-54 ", 
2 -03 „ 

1-55 » 
I ■1323.. 


-0442 
•0594 
•0010 
■0013 
-1161 
-0217 
-3689 
■1188 


■i8s4x-i68 
■2507 .. 
-0048 „ 
■0063 „ 
-4898 „ 
■1018 „ 

1-1325 .. 

2-2646 „ 


Carbon monoxide 

Marah-gaa 

Olofiantgas 


Carbon dioxide... 

iir ... 


Prodnots 


Total 


4-1322 






-0314 


4-4359X-i6a 




•2496 


i'0735X-i68 
or -1803 


Ratio 1-385 1 



Table VI. — ^Dowsoh Gas aftee Combdstioit. 





1- 


<V 


c.. 


«(V 


IC. 


Wator-Taponr ... 
Carbon-djoxide... 
Hitrogen 


0-2019 
0-3279 
"•384s 


■2984 
■3307 
-2370 


1-36X-I6S 
■•SS .. 


■0602 

■1084 

-3281 
■4967 


•2746X -i68 
-S083 „ 
1-3845 ,. 
•21674 ., 




Total 


■■9143 






"594 


1-1323 X -168 
or -1902 




K^ao '-s's? 
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great chaage dne to combastion, we ma; for many 
practical pnrpoBes asBame that the specific heats 
remain the same at all temperatotes. We have less 
right when nsing Dowson gas than when nsing coal-gas 
to make otur assamption, which is that the fluid in the 
gas engine, from the beginning of its compression until 
it is allowed to escape, behaves like a perfect gas, 
receiving heat &om an oataide source. 

Study of the Shapes of the Compression and Expan- 
sion parts of the Diagram. — The first problem which 
comes before ns is the determination of the shape of 
the indicator diagram. It will be generally observed 
that, although the ignition parts of the varioBS 
diagrams differ greatly, on account of differences in the 
amounts of gas supplied, the curves agree in their com- 
pression and expansion parte. If the clearance-space is 
occupied by fluid when the piston is folly at the end of 
its stroke ; and if ^^ L^s the distance in feet passed 
through by the piston &om the end of its stroke, the 
stroke being IJ foot, the clearance is 0*889 foot, and 
^+0-889, or I feet expresses the volume of the fluid at 
any instant. Measurements of I and p were made by 
the Professors for the particular engine under indica- 
tion by them on the expansion-curves of the indicator- 
diagrajus, and tabulated with log { and log p. 

If the law of the expansion-curve be assumed 

pi" constant, 
we~have logp+m log l—k; so that when we plot log 
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p and log I on e<jaared paper as coordinates of points, 
these points oagbt to lie in a straight line if our 
assmnption ia correct. Taking the straight line which 
lies most evenly among them, the professors found it 
defined hy 

log I = 0313, when logp = 1-7, 
log I = 0-0425, when logp = 2-1. 
Hence 

1-7 + 0-313 m = ft, 
2-1 + fr0425 m = k. 



Now 



m = 1-479 and h = 2-1629. 



log 145-5 = 2-1629. 
Hence the law of expansion is 

j9li*™ = 145-5. ... (1) 

In the same way the law of the compression cnrre 
is 

pi i«« = 39-36. . . . (2) 

It is ob-rioua that the expansion-cnrve (1) is steeper 
than the adiabatic, if we assnme that the ratio of 
specific heats of the finid is 1*37, as the equation of 
the adiabatic curve is 

pi ''87 = constant. 

Again, the compression curve (2) has less slope than 
the adiabatic. 

Inflaence of Vibrations of the Indicator-spring. — The ' 
Professors point oat that it is exceedingly necessary, in 
obtaining the law of expansion, to take many points in 
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the cnrre, and, either by using the alegbraic method or 
hy the nse of Bqoared paper, to determine the most 
probable value of the conatants. Engineers are con- 
stantly in the habit of determining these constants 
from measBrements of the coordinates of two points 
only in thecorve, forgetting that the position of either 
point may be much influenced by the Tibrations of the 
indicator. The sinnons shape of the expansion-enrre 
is specially noticeable in the early part of the expansion- 
curves of gas engine diagrams. 

The Professors also say, " It is farther to be re- 
marked that the vibration of the indicator spring is 
very visible in the expansion part, because we have 
every reason to believe that the expansion psirt 
ought to have no sinuosities ; but it is our belief that 
this vibration has its effect on the explosion part of the 
curve as well, and that it is of the utmost importance 
to find some means of eliminating the effects produced 
by these vibrations of the indicator-spring. 

In our communication to the "Journal of the Society 
of Telegraph Engineers," p. 391, vol. v. (1876), we 
showed how to eliminate such vibrations in any case 
where the effect to be measured followed a regular law 
of increase or diminution, as in the case of the expan- 
sion part of this indicator-diagram. We have not yet 
sufficient information to flnable us to employ this method 
on the explosion part. / 

The rule which we arrived at is as follows : — l)raw 
two curves, A and B, through the highest and lowest 
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points of the -wavy curve which represents the actnal 
observations : draw ordinates ; the points of bisection 
of the partS' of the ordiuatea intercepted between A 
and B lid on the correct carve. 

Empirical Formula for the whole Diagram. — Now, 
inasmuch as the compression and expansion parts o' 
all the curves follow the same laws, it would seem to 
he important to obtain one general formula for all the 
diagrams with one or more variable parameters. It is 
found that when we produce the expansion-curve (using 
formula 1), and when we divide the pressure QR at any 
part of the stroke by the corresponding ordinate LB of 
the expansion curve, doing this for many parts of ^ the 
stroke, we get the ordinates of curves, which are 
nearly formed of straight lines, from the study of which 
it is found that the ignition and expansion parts of any 
diagram satisfy approximately the law 

p = 145-5 i"™{K' + TiX - '/(K.-iOCf + 8} (3) 

The smaller the value of s the more nearly do the 
curves approach straight lines. These constants are 
evidently easily calculated from any diagrams. 
The recentnesa of the last explosion affects the tempera* 
tore of the mixture of gas and air, and therefore the 
mass of the mixture. Hence the expansion parts of 
successive indicator-diagrams often do not coincide. 
The law 

p = M i-i*™ {«' + mX - v'(K-mX)*-j-8}, 
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where ic', k, and n are oonstantB, satisfies all the dia- 
grams. 

n is a constant whose valae depends on the point in 
the strobe at which the maximntn pressure occurs; 
and this, for a given speed of engine, depends 
principally on the proportion of gas to air in the 
mixture; 
M is a constant which depends on the recentness of 

the last explosion. 
Simple Formole for the Ignition and Expansion Farts 
of the Diagram. — The complete formola (3) assTunes 
no want of continuity in proceeding irom the ignition 
to the expansion part of the diagram. For the sake 
of ease in practical calculations we may, however, 
assnme that the ignition and exp&nsion-cnryes are qoite 
discontinuous, employing some method of indicating 
continuity when results are plotted on squared paper. 
We assume that the lines are quite straight, so that — 
The ignition part of curve is (a + bX) ici-", (4) 
The expansion part of curve is kI~'. . . (5) 
To use formula (4) in any given case. Find by the 
method already given, the constants of equation (5) to 
the expansion part. Assnme that the ignition is com- 
plete when A=Xi> Let the pressure at the beginning 
of the stroke he p^ ; calculate the value of id"" when 
X=0, that is, when i=clearanee or l,^ say ; then 

and 

a + 6X, = 1 ; 
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Tho rate at which the Fluid receives Heat as calon- 
lated from its Volame and FreSBiixe. — ^We* shall no? 
proceed to calculate the heat received by the fluid. 
This we shall do as if, instead of there being oombns- 
tion going on among the particles of the fluid, we had the 
flnid a perfect gas receiving heat from a great nomber 
of little fomaces, or pieces of hot wire immersed in 
the floid. Besides the heat here considered, we have 
the heat radiated to the cold cylinder. 

If A is the area of the piston in 8C[iiare inches, p 
the presBore of the fluid in poimdB per s^oare inch, 
and I the distance moved thzoogh by piston in feet, the 
wrark done by the floid on the piston in an element of 
length dl\s 

Ap dl foot-pounds. 

It is evident that if we represent the heat which is re- 
ceived by the fluid in the length dl by 

Ag dl foot-poimds, 
we may regard q as the rate (per foot-travel of the 
piston) at which heat is received by the flaid, just in 
the same sense as p the pressore ia the rate at which 
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work ifl done by the fluid ; and a comparison of q and p 
shows at once the compariBon between the ratea at 
which heat is being received and work is being done. 

Now, since we consider the floid to behave like a 
perfect gas, we know from thermodynamics that 



' = f^G 



yp + m, . . (6) 



where Tr=l-37 ; and it is obvions that the relation of 

J) to g is not altered in any way by altering the scale 

to which lot p ia represented io the indicator-diagram. 

As we know that the expansion part follows a law 

it is obvions that 

being proportional to the pressure. There is great im 
portance in obtaining a formula snob as that given for 
the shape of the indicator-diagram. 

Total Heat and Work of One Cycle.— The integral of 
qJl multiplied by the area A of the piston in square 
inches gives the total best received by the fluid daring 
any part of the stroke, and is evidently 

Ay7. dl = ^^^ {p^ - p^l^) + kj'\ . dl. 

As we know that combustion, about the period of 
opening of the exhaust-valve, is just sufficient to supply 
the loss by radiation to the cylinder without having 
much effect on the volume and pressure of the fluid, we 
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can aBsnme that any combnstion after that time pro- 
daces heat which is radiated to the cylinder. We are 
told that there is no combustion in the exhaaat. JPor 
the small amonnt of combustion after the exhaust-valve 
opens we do not see oar way at present to the basis of 
any but the very roughest assumption, and we think 
that attention ought to be paid to this matter in future 
inTestigations. What complicates the question is the 
fact that the mass of the fluid which radiates heat to 
the cylinder rapidly gets leas after the exhaust-valve 
opens. To obtain a first approximation, we may 
assume that the heat of combustion after the exhaust- 
-ralve opens is equal to the work done in the forward 
stroke after that time. 

The heat retained by the fluid is 1'94 W. 

The gases in the exhaust-pipe close to the cylinder 
are known to have a temperature not much greater 
than 400° G. Hitherto it has been customary to 
calculate the amount of heat carried off by the gases 
through the exhaust-pipe from the heat-capacity multi- 
plied by the difference of temperature from that of the 
atmosphere. It must be remembered, however, that 
the total heat of combustion of coal-gas contains the 
latent heat of the steam produced, and that the exhaust 
gases carry off this heat. Hence the amount of about 
0'95 W, dedueible from the experiments of Messrs. 
Brooks and Steward, must be increased by two thirds of 
itself, giving 1 '57 W as the energy carried off by the gases 
in the exhaust-pipe, where W is the work of a cycle. 
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Hence (l'94-l-57) Wj or 0-37 W, is the amount of 
energy which is lost by the fluid from the opening of 
the exhaost-TalTe until the fluid is passing along the 
exhaost-pipe ontside the cylinder. This is largely ex- 
pended in heating the cylinder itself, in friction at 
bends in the exhanst-Talve, &c. ; so that it disappears 
as radiated heat, and as heat given to the water-jacket 
daring the remaining parts of the cycle. Now, we may 
safely take it that the expenditnro of gas is about 22 
cabio feet per honr per indicated horse-power ; so that, 
asing the heat of oombnBtion calculated in Table I., 
the total energy of combustion of the gas used is 5-91 W; 
and we are now in a position to make the following 
table. Of the 5*91 W, the total energy of combustion 
of a charge, we have for a particular case, say : 

1*38 W. Work of fbrwud vorking-stroke till exhanet-TalTe 
opens. 

o'i4 W. Work of forward working-stTOke after exhaost-ralTe 
opens. 

3*31 W. Heat given to the cylinder dnring forward working- 
stToke bj radiation before ezhaQst-Talve opens. 

O'14'Vf, Heat of combnstion aftw exhanet-TalTe opens and 
, which is radiated to the cylinder. 

1*57 W. Heat carried off by gases in exhanst-pipe. 

o'37 W. Given to the i^Iinder as heat after the exhaust-TaWe 
opens, partly by Motion at the eihanat-Yalve, 
partly during tiie succeeding three-fonrths or non- 
working parts of the cycle. 

It is found by experiment that the water from the 
vater-jacket carries off somewhat more than 50 per 
cent, of the total heat of combustion, or 2*96 W ; but 
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it is almost imposBible to make thiB measnremeDt accu- 
rately fox one cycle. It is sometimes as macb aa 62 
per ceot. and sometimes as little aa 86 per cent. 
k^un, the cylinder loses heat by radiation as well as 
by the water-jacket ; so that, even if we could assume 
that sach a number as 60 per cent, is correct, we are 
«till not in a position to state the total loss of heat 
from the cylinder. 

It is to be remembered that W is the indicated work. 
The nsefnl work of a gas-enguie, given ont by the crank- 
shaft, is about 0*8 W, there being an expenditure of 
0*2 W in overcoming the mechanical friction of the 



Bate at which Flnid radiates Heat to cold Cylinder. 
— It was found by the pyrometric measnrements of 
Messrs. Brooks and Steward that the temperature of 
the products of combustion in the clearance-space, if 
there has been a recent eTplosion, is abont 410° C. ; 
and for the purpose of determining the temperature of 
the fioid before compression, they take 1*4 volume of 
«oal-gas and 9*25 of air at 22° C. with 7*94 volumes 
of products of past combustions at 410° C, &om which, 
assuming that the specific heats of the constituents do 
not alter with temperature, they find that the temper- 
ature of the mixture before compression is 120* G. 
This is sufficiently correct and with the data given in 
their paper quoted p. 74, there should be no difficulty 
in the proper understanding of a gas engine indicator 
diagram. 

Q 
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OQvrage de compilation patiente, mals qtii n'en a pas moins son utilitt."- 
La Lttmiire Eltclrigtu. 



A Second Vo].ume giving the Literature of 1683-1884, and the 
taost important articles published in periodicali, &e., M»e«» 1878- 
1884, wiU appear .» ^aiy, 1885. 



London : SVMONS & CO., 37, Bonverie Street, E.C. 
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